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EXECUTIVE SUMMARY 


Compacted clay is not being considered for lining of 


brine ponds in Alberta because of the reported poor performance and 


adverse effects of brine solutions on the clay. This report addres- 


ses this concern through a laboratory test program on samples from 


the site of a compacted clay lined brine pond near Redwater, Alber- 


ta. A comprehensive literature review, case history evaluation and 


detailed laboratory testing program were carried out. Based on the 


results of this study, the following conclusions are drawn: 


1. 


Controlling Factors: the effectiveness of compacted 
clay as a brine pond liner is controlled by the 
amount and type of clay minerals forming the liner 
and the pond operation conditions. 

Clay - Brine Interaction: the process is complex and 
has been discussed in the literature, but can be 
Summarized by a reduction in sample volume leading to 
cracking and opening of pore channels. These effects 
increase the permeability. 

Reported Permeability Increase: the literature and 
several case records suggest that the permeability of 
a clay liner compacted with fresh water increases by 
about one order of magnitude when permeated with 
concentrated brine. 

Observed Permeability Increase: laboratory tests on 
Redwater clay liner materials indicate that the per- 
meability of "undisturbed" samples is about one order 
of magnitude higher than that of recompacted samples. 
Similarly, the effect of introducing brine to a 
Sample compacted with a fresh water moulding fluid is 
an order of magnitude increase in permeability. 

Field Versus Laboratory Permeability: the results of 
this study indicate that the field permeability is at 
least one order of magnitude higher than that 
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measured in the laboratory; this observation is con- 
sistent with similar studies reported in the litera- 
eUPSo 

Long-Term Effects of Brine: after 5 years of expo- 
sure to brine, samples of Redwater clay liner exhibi- 
ted no appreciable changes to the morphology of clay 
minerals or the fabric of the aggregate (based on 
electron microscope test results). 

Preconditioning by Brine Soaking: the effects of 
soaking samples in brine in the laboratory were 
negligible compared to other factors influencing 
permeability; however, crack formation in the field 
is an important factor controlling field performance 
which could not be modelled in the laboratory. 

Design Studies Using Uncontaminated Samples: the 
laboratory test program of Redwater clay liner 
Samples and uncontaminated samples from the site 
demonstrated that the latter can be successfully used 
in design studies to establish the effects on permea- 
bility of brine. 

Implications for Design: the study indicated that 
the most critical factor controlling permeability of 
a compacted clay liner at a brine pond in Alberta is 
the adverse pond operating conditions. The main 
implication for design of future ponds is that if 
Suitable liner protection measures are incorporated 
into the liner design, then the field performance can 
be better defined and seepage losses might be predic- 
ted with reasonable accuracy. 
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ABSTRACT 


A brine pond) relining. ‘project* ‘undertaken for Procor 
Limited at the Redwater LPG storage facility provided an opportunity 
to collect samplies of avelay liner for further study.) This, report 
presents the results of a study of the effects of brine on the 
properties of the clay liner. The study is somewhat unique in that 
field samples of a pond liner in operation for about five years were 
obtained for comparison with laboratory tests. The project address- 
es both the long-term (5 year) effects of brine on clay properties 
and our current ability to model field operating conditions in 
laboratory tests. 

The study indicated that the interaction of brine solu- 
tions on clay minerals appears to be relatively rapid; the long term 
(5 year) effect of brine on clay was not significant in this study. 
Preconditioning of the liner materials by soaking in brine had a 
limited influence on the compacted permeability, but may be impor- 
tant in field situations by limiting crack formation when the clay 
Shrinks. The study also demonstrated that the effects of a brine 
permeant can be reasonably modelled in the laboratory using natural, 
uncontaminated soil from the Redwater site (i.e., the common method 
of evaluation at the design stage). 

The implications for brine pond design are that for 
materials with relatively small amounts of clay minerals, an order 
Of magnitude increase in permeability over laboratory estimates 
Should be expected in a brine environment. The adverse operating 
conditions at brine ponds is an important factor controlling field 
performance of compacted clay liners. However, with proper liner 
protection and possibly preconditioning through soaking in brine, 
compacted clay may be a suitable pond lining option at many sites. 
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Ne INTRODUCTION 


Taal BACKGROUND 

It is becoming a common practice in Alberta to line brine 
ponds with flexible polymeric membranes such as high density 
polyethylene (HDPE). Flexible polymeric membranes are often chosen 
because of the generally poor reported performance of liners compos- 
ed of reworked, fine grained materials on site. A common assumption 
is that brine tends to shrink and crack the natural materials 
forming the pond liner, rendering the liner unserviceable. The 
deterioration of natural materials in the presence of highly 
concentrated brine solutions has been observed at several locations 
in Alberta (e.g., Procor site and Imperial 0i1 site near Redwater, 
Alberta) and at other locations. Although this generalization is 
useful in evaluating the suitability of various liner materials, it 
could lead to the unjustified exclusion of certain natural materials 
for use as brine pond linings. Additionally, the unit cost of 
typical 80 mil (2 mm) HDPE can be twice the cost of compacting local 
materials to form a 1 m thick liner. 

To evaluate the performance of liners, the seepage loss 
under a given hydraulic head (i.e., pond depth) should be compared, 
in addition to the permeability or hydraulic conductivity of the 
"liner" that forms a thin membrane in the pond bottom. Seepage loss 
in terms of velocity of flow, v, is related to permeability, k, 
after Darcy's Law: 

v=ki 
where 71 is the hydraulic gradient. The importance of both the 
gradient and permeability can be demonstrated by an example calcula- 
tion. A compacted clay till with a permeability of 2 x 10-6 
cm/sec under a hydraulic gradient of 0.75 will experience the same 
Seepage loss as a flexible polymeric membrane with an effective 


1 the term “pond liner" is used throughout this report to refer 
to the membrane of material in the pond bottom; the "liner" could 
also include the natural subsoils that effectively limit seepage 


lost through the membrane. 
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DERMEADA NT CY nn Of) Cun Xx 10-19 om/sec (j.e., pinholes and _ poor 
quality seams that often occur in the field) under a hydraulic 
gradient of 7000, which corresponds to full head loss over a pond 
depth of 14 m and a membrane thickness of 2 mm (e.g., 80 mil HDPE). 
This simple example illustrates the importance of considering the 
Site-specific hydraulics and _ hydrogeological conditions in 
evaluating liner performance. Further, a compacted clay liner might 
prove adequate in many situations regardless of any permeant-liner 
interactions that influence permeability. 

This report evaluates the permeability and clay-brine 
interactions of a compacted clay till liner material collected from 
a disused brine pond near Redwater, Alberta. The project includes a 
review of published literature and a laboratory testing program with 
the objective of addressing the following questions: 

1. What is the long-term effect of brine leachate on compacted 
clay till liners? 

2. Are there methods by which conditioning of natural clay 
liner materials can minimize shrinkage and degradation? 

3. Can samples of uncontaminated natural soil be collected 
during the planning stages of a brine pond study and 
appropriately tested in the laboratory by introducing brine 
solutions to simulate long-term effects in the field? 


Wer CASE HISTORY STUDIED 

The study utilizes performance case records and materials 
obtained at the site of a disused brine pond located near 
Redwater, Alberta. At this site, natural gas liquids (NGL) are 
Stored in salt dome solution cavities and fluid levels in the 
Storage caverns are controlled by displacing NGL with hypersaline 
brine solutions. The surface brine ponds serve as a holding 
facility for the brine solutions. 

The pond was constructed by cut and fill methods and 
compaction of local clayey silt till materials to form a "liner" 
that was 0.5 m to 0.75 m thick. No surface cover or protection was 
placed on the exposed liner. The pond had been operated since 1978. 
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Perimeter monitoring wells were installed in the fall of 1979 and 
continuously monitored since that time. In 1983, the owner decided 
to reline the pond using HDPE. During the relining phase, the 
natural liner materials were excavated and disposed of on site. 
Block samples of the excavated natural liner were obtained for 
laboratory testing and evaluation as discussed in this report. 


bag) 8) SCOPE OF STUDY 

The study focuses on a laboratory evaluation of the 
effects of hypersaline brine leachate on the behaviour of compacted 
Sieve (cliay) (till materials. The report attempts to address the 
questions listed in Section 1.1 through a site-specific laboratory 
testing program and a general review of published literature on clay 
liner! — brine interaction. 

The general characteristics of clay liner - brine inter- 
action as reported in the literature are presented in Section 2 of 
this report to establish the major factors controlling changes in 
performance (and particularly hydraulic conductivity) of clayey 
materials subjected to concentrated permeants of NaCl solutions. 
Having established the range of factors influencing behaviour and 
the reported trends in the literature, the testing program and 
results for the Redwater brine pond are discussed in Section 3. The 
test results are analysed and compared with the theoretical and 
observed trends as reported in the literature in Section 4, and the 
implications of the results for the evaluation of existing brine 
ponds or the design of a new brine pond are discussed in Section 5. 
Conclusions of the study and recommendations for further reseach are 
presented in Section 6. 


1 The term “clay liner" is used in a generic sense as many liner 
materials can have a small percentage of clay sized materials 
(i.e., smaller than 0.002 mm) and a variable clay mineralogy and 
Still be referred to as clay liners. 

2 The terms “hydraulic conductivity" and "permeability" are used 
interchangeably and are considered synonymous throughout this 
report. It is recognized that "hydraulic conductivity" is the 
more technically correct term to use in this study; however, 


"permeability is the more frequent term utilized for simplicity. 
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Bo REVIEW OF LITERATURE ON CLAY LINER - BRINE INTERACTION 
Bol GENERAL 


A comprehensive literature review was conducted to 
establish the factors affecting the interaction between clay liners 
and brine solutions. The literature review included an extensive 
search of published material in libraries in Calgary, a computer- 
based literature search of published material, and a written survey 
of research institutions and individuals involved in related 
Studies. This section summarizes the results of the literature 
Survey and focuses on information pertinent to the type of material 
and brine solution at the Redwater brine pond; that is, a compacted 
clayey silt till exposed to hypersaline brine solutions. 


Cae FACTORS INFLUENCING CLAY LINER - BRINE INTERACTION 

The most important factor controlling the performance of 
compacted clayey materials for use as brine pond liners is the 
hydraulic conductivity! (permeability) of the in-place material. 
An evaluation of liner performance also requires Knowledge of the 
thickness of the compacted zone and hence the flow gradient which, 
when combined with the permeability, determines the flow rate of 
seepage lost from the pond. The literature review focuses mainly on 
the factors influencing permeability. 

The in-situ hydraulic conductivity of fine grained soils 
(j.e., more than 20% by weight passing No. 200 sieve) is largely 
controlled by site geology. For example, seepage pathways may exist 
in the surface zone due to root holes, and bedding features, sand 
partings, and fissuring can occur in natural materials, particularly 
glacial till deposits. Thus, field estimates of hydraulic 
conductivity are preferred for design. Laboratory tests have the 
inherent problem of limited sample size and disturbance. However, 
laboratory tests offer the advantage that they can be performed 
under controlled conditions. 


1 For this report, the terms hydraulic conductivity and perme- 
ability are used interchangeably. 
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The sources of error in laboratory hydraulic conductivity 
tests are numerous. Olson and Daniel (1981), for example, identify 
the main sources of error and estimate the effect of each on test 
results as listed in Table 1. Olson and Daniel (1981) evaluated 
several case records and found that the ratio of hydraulic conduc- 
tivity in the field to that measured in the laboratory was in the 
range of about 0.38 to as high as 64.0. 

The state of saturation can have a marked influence on in 
situ permeability because unsaturated soils contain air pockets that 
block the passage of fluids through pore channels. Thus, partially 
Saturated materials exhibit lower permeabilities than if the mater- 
jals were completely saturated (e.g., measured values may be two to 
five times lower than for saturated conditions). It is common to 
assume that the ultimate field conditions tend toward complete 
Saturation because the trapped air is eventually flushed through the 
material. The assumption of saturated flow conditions at the site 
Studied in this report is a reasonable assumption because of the 
exposure time to brine, the considerable volume of seepage through 
the material (five years of operation), and the often high temnera- 
tures of the brine due to solar heating (temperatures up to 45°C 
measured in pond bottom), which tends to dissolve the trapped air. 
Therefore, the following discussions are based on a saturated flow 
condition. 

For saturated flow conditions, there are three dominant 
factors that influence seepage under relatively low gradients (i.e., 
gradients between 1 and 10, where Darcy's Law, v = ki, would apply): 

1. Characteristics of permeant - the viscosity, tempera- 

ture, pressure, and density. 

2. Soil properties - void space or porosity, distribu- 

tion of void space, particle arrangement or fabric. 

3. Soil and permeant interaction - ionic concentrations 

of permeant, interaction of permeant and clay mineral 
particles leading to swelling/shrinkage of material. 

Each of these factors is discussed separately in sections 
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2 is | Characteristics of Permeant 

Permeability varies inversely with the viscosity of the 
permeant. The viscosity of fresh water varies with temperature to 
the extent that if the value of permeability measured at 20°C is 
taken as 100%, then the value at 0°C would be 56% of this controlled 
value (and vice versa for increasing temperatures). The pressure 
and density of the permeant also affect permeability through the 
imposed gradients and gravity flow. The chemical characteristics of 
the permeant can interact with the soil particles (mainly clay 
minerals) and affect the flow characteristics as discussed in 
SSCEVOM Zaease 


CRORE Soil Properties 

The void space, distribution of voids, and particle 
arrangement or fabric are controlled by the particle size distribu- 
tion of the material, the method of soil formation (compaction), 
moulding moisture content, and the consolidation or swelling behav- 
jour under field stress conditions. The most important material 
property affecting the formation and distribution of void space is 
the percentage of fine particles, and particularly clay minerals, 
forming the aggregate. 

The compaction characteristics of soils is a complex 
interaction between particle shear forces required to deform and 
reduce air content versus meniscus suction forces in the unsaturated 
phase tending to resist particle deformation by holding particles 
together. Various compaction methods can lead to different material 
densities and fabrics, as discussed by Lambe (1958), for example. 

Particle shape and size distribution have a dominant 
effect on permeability as these factors control the development of 
void space and hence channels for the passage of permeant. For 
broadly graded material such as glacial tills containing sand, silt, 
and clay fractions, an important consideration is the percentage of 
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1) versus 


Clay minerals (ie aiiliite. Kaolinite “or smectite 
non-clay minerals (such as quartz and feldspar). If one assumes 
that the moisture content of a mixture of grains of clay minerals 
and non-clay minerals is taken up by the clay mineral fraction, then 
the percentage of clay minerals necessary to fill the void space 
between non-clay mineral particles (and hence hold the granular 
particles apart) can be calculated using the approximate method 
presented by Mitchell (1976). An expression for the percentage of 
clay sized particles required to fill the void space of a mixed 
mineral grain arrangement is presented in Figure 1. The 
relationship plotted in Figure 1 indicates that, for example, at a 
moisture content of 16% (typical of the Redwater brine pond studied) 
and a void ratio of the compacted granular phase of about 0.5 to 
0.6, between 5% and 10% clay sized particles would be required to 


2 For 


fill the void space and hence, dominate behaviour. 
percentages of clay sized particles exceeding that required to fill 
the void space, the clay tends to coat the larger silt and sand size 
grains, holding the grains apart and thus having a dominant 
influence on the development of flow channels and hence on the 
permeability characteristics in the compacted state. 

The permeability of compacted clays to water has been 
studied by researchers such as Daniel (1984) and Garcia-Bengochea et 
al. (1979), who indicate that the permeability of compacted clays is 
very much affected by the clay structure that develops during 
compaction. According to Lambe (1958), the behaviour and character- 
istics of a compacted clay can be explained in terms of a deformable 
aggregate soil model. After mixing with moulding water, the clay 


particles are grouped into aggregates. As a result, there are two 


1 smectite is a generic term for a class of clay minerals that 
includes montmorillonite. 

2 The Redwater clay till has up to 30% clay sized particles and 
9% to 13% clay minerals. The results of the scanning electron 
microscope (SEM) analysis presented in Section 8.4 illustrate the 
dominance of the clay minerals that coat larger silt sized 
particles. 
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networks of pore space in the clay mass. The pore spaces within an 
aggregate are small (micro-pores or inter-cluster void space), 
whereas the pore spaces between the aggregates are relatively large 
(mega-pores or intra-cluster void space). For a given total void 
ratio, the hydraulic conductivity increases with a rise in the 
relative proportion of macro-pores. This is one reason why the 
hydraulic conductivity in clays does not correlate well with total 
porosity or void ratio (Garcia- Bengochea et al. 1979). 

Two factors appear to dominate the compacted clay 
Structure: one is the moulding moisture content and the other is 
the mode of compaction. When clay is compacted at a dry-of-optimum 
moisture content, the aggregates have a relatively high strength and 
are capable of resisting the compaction without much deformation. 
This results in a relatively high proportion of macro-pores and 
higher relative permeability. Clays compacted at a wet-of-optimum 
moisture content are nearly saturated and have tJlower_ shear 
Strengths. Thus, the aggregates break down more readily during 
compaction. As a result, the macro-pores become compressed, and 
the relative permeability is lower than for the same sample 
compacted at a moisture content dry-of-optimun. 

Mitchell et al. (1965) reported that clay compacted at a 
wet-of-optimum moisture content may have permeability values two or 
three orders of magnitude less than those compacted at a dry-of- 
optimum moisture content (see Figure 2). Suh al Weleiiat ion) a in 
permeability may develop within relatively narrow ranges of moulding 
water content and density, particularly in the case of compaction at 
a wet-of-optimum moisture content condition.1 These findings are 
consistent with those reported by Auvinet and Espinosa (1981). 

The method of compaction also influences the permeability 
of clay compacted at a wet-of-optimum moisture content. Mitchell et 
al. (1965) concluded that clays compacted by kneading have lower 


i Samples were compacted at 2% to 4% wet of optimum for the test 
results discussed in this report. 
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pressure on permeability. (After Mitchell et al., 1965) 
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permeabilities than those compacted by static weight. The lower 
values are explained by the more dispersed structure associated with 
kneading compaction}, 


23205 Permeant - Soil Interaction 

The interaction between the permeant and soil particles 
is dominated by the clay mineral fraction (as compared with clay 
sized fraction passing 0.002 mm) because these particles have large 
Surface areas, a net negative charge on the surface, and a layer of 
bound water surrounding the particles. Sand and silt sized granular 
particles composed of quartz and feldspar, for example, are 
relatively inert and do not interact with brine permeants of varying 
Tonic concentration. The larger sand and silt sized particles could 
interact with acidic or alkaline permeants, but these leachates are 
not considered in this study. This study is focused on concentrated 
NaCl brine, referred to as a salt solution throughout this report. 

A brief description of clay mineralogy is provided in 
Section 8.1 for reference purposes. However, it can be stated that 
the influence of brine on the clay minerals is of increasing 
importance for: kaolinite, illite, and smectite. The physical - 
chemical characteristics that affect the clay mineral behaviour 
(i.e., volume change characteristics) include changes in the thick- 
ness of the bound layer around the particle due to clay particle 
attraction, cation hydration, and/or osmotic processes as described 
by Coia (1981), for example. Changes in the double layer thickness 
can lead to a reduction (or increase) in pore space by shrinkage (or 
swelling) of clay minerals. As the double layer thickness shrinks, 
the decrease in volume of the sample could lead to crack formation. 
Additionally, the changes in the bound layer can lead to a 
rearrangement of particles and hence to a change in fabric. 
Further, breaking of inter-layer bonding can lead to particle 
mobility and dispersion. Dispersion can result in the migration of 


l Samples of Redwater clay till were compacted in 10 cm diameter 
moulds using a Standard Proctor compacting process. 
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clay particles to plug smaller pores and hence reduce permeability 
Oe Genending Jon Pagticlel gradacion yand) clay content, a) jioss of 
particles through larger openings (e.g., cracks) and progressive 
erosion and piping, leading to a significant increase in overall 
permeability of the material. 
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Literature on the effect of salt brines on compacted 
clay liners is scarce. Some recent research on tne effect of highly 
concentrated brines on compacted clayey till from Alberta and clay 
soils from Ontario has been conducted by Hudec (1979) and Yanful 
(1982). QOther more general research deals with the effects of 
relatively weak salt concentrations on volume change characteristics 
and permeability variations. 

Reports by Hudec (1979), Yanful (1982) and _ others 
indicate that clays exposed to salt experience significant changes 
in their properties, as discussed below. 


ARSE Breet Of Salt on Clay Plasticity 

The presence of salt electrolyte in the pore water can 
greatly affect the plasticity, activity, and hence the permeability 
of clays, as it changes the inter-particle forces and surface 
tension of the liquid medium (Yanful 1982). An increase in cation 
concentration, or cation valence, results in a reduction in the net 
repulsive forces between particles, causing less water to he 
retained in the soil structure and hence, a reduction of the 
plasticity. Yong and Warkentin (1975) found that an increase in the 
cation concentration resulted in an increase of the plastic limit, a 
decrease of the liquid limit, and a corresponding decrease in 
plasticity index. The influence of the electrolyte on the liquid 
limit is generally more pronounced than on the plastic limit. 
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Hudec (1979) studied the Atterberg limits of clay from 
the Imperial 0i1 Limited (IOL) brine pond near Redwater, Alberta. + 
He reported that the salt-treated clays became stiffer and contained 
less water at the liquid limit, and more water at the plastic 
imiteorenuSH reducing che plasticity index, as shown in Table 2. 
Hudec indicates that the soil became more silty and lost its 
cohesion. 

After studying ten clays from ten different locations in 
Ontario, Yanful (1982) confirmed Hudec's findings that the treatment 
of clay with brine generally results in a reduction in plasticity 
index and liquid limit. 

The Prairie Farm Rehabilitation Administration (1979) 
also studied the effects of brine on the plasticity of bentonite and 
noted a marked reduction in the plasticity index and the liquid 
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25383 Compaction Characteristics 

The addition of salt brine to a clayey material alters 
the moisture - density relationship of the soil through physio- 
chemical changes. The effect of this process on the compaction 
Characteristics depends on the percentage of clay present, its 
mineralogy, the extent of soil aggregation, and the cation exchange 
complex. 

Rel'tov and Yemolayeva (1977) studied the influence of 
sodium chloride (NaCl) and calcium chloride (CaC15) solutions on 
SOil compaction. They noted that clayey soil moistened with 1.5 N 
(Normal) sodium chloride solution yielded a lower optimum moisture 
content and a higher dry density than when distilled water was used. 
However, treatment with calcium chloride produced the opposite 
effect (Figure 3). According to Rel'tov and Yemolayeva (1977), 
these observations can be explained by the different characteristics 
of the exchange reaction in soils salinized with NaC] and CaClo. 


1 The IOL site is within 5 km of the site studied in this 
report. 
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Table 2. Rereel Biel limits test results - IOL brine pond, Redwater, 


Alberta. 
Sample Type? Liquid Plastic Plastic Shrinkage 
Limit Limit Index Limit 
Fresh Water 
1¢ 29.1 IS 153 Woes 
Z 28.2 LZ 183 Sea 2S 
3 30.8 bo. 5 ats Si 15.9 
Brine (concentrated) 
i 23.1 LG. tf Ta6 2568 
2 25.9 a 1S & QE) 
3 24.8 58 165 2301 


Powdered Salt & Fresh Water 


| 26.0 1568 LOZ 2558 

2 25.4 14.2 BUR? Za) 

3 24.8 1505 8.4 257 
Pond Wall $1050) Se ih 1259 ND 
Pond Bottom 30.6 We LSo& ND 


4 source: Hudec (1979). 


b The clay samples were dried and re-wetted with the solutions 
indicated. In the case of powdered salt, the amount of salt used 
was calculated to give saturated solution when wetted with fresh 
water. 


Sample 1 - fresh water moulding 
Sample 2 - brine moulding 
Sample 3 - powdered salt and fresh water moulding 
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Y (g/cm3 ) 


Legend 


1 - moistened with distilled water 
2 - the same with 1.5 N sodium chloride solution 
3 - the same with 1 N calcium chloride solution 


Figure 3. Dependence of the density, Y, on the moisture content, 
W, of Nurekskiy loam (Rel'tov and Yemolayeva, 1977). 
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In the case of NaCl, the composition of the cation complex changes 
by increasing sodium through displacement of calcium and magnesium. 
This exchange reaction causes the structural bonds inside the 
clay-water structure to weaken. As a result, the soil can be 
compacted to a higher density, with a corresponding decrease in the 
optimum moisture content. 

The opposite reaction occurs when a clayey material is 
treated with calcium chloride. The net effect of this reaction is 
that the structure of the soil is strengthened and hence becomes 
more resistant to the breakdown of aggregates under the compactive 
effort. Thus, the density decreases and the optimum moisture 
content increases. 

In Hudec's experiments with compaction of clay till 
materials from the IOL brine pond, he found that the use of a brine 
solution lowers the optimum moisture content, which supports Rel'tov 
and Yemolayeva's findings. However, no change in the compacted dry 
density was observed when compared to that of clay till compacted 
with fresh water moulding (Table 3). He attributes the lower 
moisture content of the brine-treated clay to the flocculated 
Structure of the clay minerals and a thinner layer of adsorbed water 
around the clay particles. However, the observation of unchanged 
dry density and a shift in optimum moisture content is unconvincing 
and might be better explained by the presence of air in the voids. 
This phenomenon was not observed in the compaction tests performed 
during this study on similar materials from the Redwater area, where 
the density of brine treated material was found to increase. Yanful 
(1982) also observed a decrease in optimum moisture content and an 
increase in maximum dry density for Ontario clays after treatment 
with brine. 


234 Shrinkage 
As stated in Section 2.3.2, the presence of sufficient 
concentrations of salt in the pore water results in flocculation and 


lA 


* egonen> satenes notgeo old +0 » nots tenga 4 ott 
any abbant “abaod fev SUNae pid pacar 


ood neo Thor off od fhaet 5S as 


‘é feinosia goats & note. emp Cn Spay ant lin 
g motioeen etde Yo tagtia. jen ott vabino fila: mutate 9h batuovd 


yoo lah 2drog que notre ined 02 gvuit2 tom umltqo- oly eewol notsufag 


‘Wetew nies 6: “aNyet nerindvid ra en LaFenante pts ott Not 


beh Meet 


“nbiesnpsm bre auto fos 49 snsingont ge i: ’ 


and al ‘aeneroeb pribeenda rye aint hw alee 
F ates te ne 


womo2ad sone bas hanedtpnsyt2, at Troe odd 40 swutouyae etd aadd 
eve Hobqna ort ebay zadeponpes to nwobdagid aid) ot deaehead sm 
oth te tom mist Qa ent. bas ean6e90b . seibi ines entt tent” eur 7 
| | a vaageeeront anagnoe | 

rite ed to” notte qn192 hehe ‘gonombs0qee 2’ ‘abu nl eas 
anind 6 To geu and Sant bhuo? 34 ROG . onttd JOT orl ‘ant atetvotem! 
oceania 2 ‘svays fonot “a 


fe betosame2 eng ot epnerts on peovenen 


“ayo! git aotudhsad6. + wf, rast) enti “nea feos i 


beonsraqu Yo noitevrge dO ‘ons. TSvaWoH 2stohneg yor, anit y 
pntontvaoany ef tnegv2 anutatom mum go ar tthe Bb bre tens 
abtoy ons nt ei cua ony e} bontefax netaed od ‘tipi 


utaay  Sapeiln og > baud? eeu. wera gaan 
ne Dm tngtne3, ote tom Reins ats 7 


v re # . 
Inotol tne 10. aoneaaig ‘a ‘phn 


bie notie tuss0r aent at Tues yedmw ot0q @ 


20 


Table 3. Optimum compaction test results for clay liner materials 
from the IOL brine pond. ? 


me mee me ee we we ee we we we ee we we we we wee wee we we wee we we we we we we we we a we we we ww we we ws we we we we we we ws se we we we we we we we we ae ae we ws as ws SS = = 
=S=S=a=[SnBaB2BSB SSB aS SS ee ee Ss SS Se Se ee ee ee ee ee eee we we we ew oe ae we Se Se eee ee ee ee ee ee ee ee 


Sample Type? Unit Dry yei ght Optimum Moisture 
(g/cm~) Content (%) 


Fresh Water 


14 2.01 1258 

2 1.98 L259 

3 1.98 Wee 
Brine (concentrated) 

1 1.98 eS 

2 1.98 10.9 

8 1.97 Lit sy) 
Powdered Salt & Fresh Water 

IL 25038 lea 

2 1.96 PESO 

3 1.95 Ike 


a source: Hudec (1979). 
b Samples prepared as for Atterberg Limit Determinations. 


C standard Proctor - 3 lifts, 25 blows; 
Assumed specific gravity of clay = 2.72 


d Sample 1 - fresh water moulding 
Sample 2 - brine moulding 
Sample 3 - powdered salt and fresh water moulding 
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Fissures 
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Figure 4. Proposed model for the development of fissures by osmotic 
desiccation. CAnter luirk. 1974) 
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an expulsion of water. Hence, when a compacted clay with fresh 
water moulding is submerged in a strong salt solution, it tends to 
shrink. 

Turk (1974) attributed shrinkage of clay in a brine 
environment to osmotic desiccation due to a salinity gradient 
between the lower salt concentrations in the soil and the more 
Saline brine solution. Using a conceptual membrane model of the 
osmotic process, he explained that when two fluids of different 
jonic strength are separated by a semi-permeable membrane, water 
molecules pass back and forth across the membrane, but the larger 
Salt molecules cannot penetrate the barrier. However, the salt 
molecules take up space and interfere with the movement of the water 
molecules. As a result, a larger number of water molecules pass 
through the membrane in the direction of the higher salinity. 
Consequently, there is a net movement of water towards the side of 
higher salinity. Turk proposed a model for the development of 
fissures by osmotic desiccation, as shown in Figure 4. 

Prof. K.W. Brown of Texas A & M University (telephone 
conversation with Mr. D. Folkes in January 1985) agrees that the 
osmotic process is a significant factor in the shrinkage observed in 
clays subjected to brine. In tests on intact clay, he reported 
shrinkage cracks developed at a spacing in the order of “a few 
inches." He also mentioned that bentonite (composed of a high 
percentage of smectite clay minerals) can withstand higher salt 
concentrations without developing fissures, due to the higher cation 
exchange capacity of the clay. 

Hudec (1979), EBA (1978), and Yanful (1982) have reported 
the observation of syneresis (desiccation) cracks in clayey soil 
exposed to brine. Hudec (1979) placed fresh water clay patties ina 
brine solution and observed that the clay shrunk almost immediately, 
developing large, noticeable cracks. A linear shrinkage of 1.5% was 
recorded. Clay patties mixed with a hypersaline brine solution 
(i.e., "salt-treated" clay) were also tested for shrinkage when 
Submerged in a brine solution. It was found that only minor cracks 
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developed in the salt-treated clay. No cracking was observed when 
the salt-treated clay was submerged in fresh water. 

Shrinkage in clay does not occur in a homogeneous manner. 
Yanful (1982) observed that cracks that developed in clays permeated 
with a brine solution were mostly horizontal. The horizontal nature 
of the cracks was attributed to the reorientation of the clay 
particles during compaction. He suggested that plate-like particles 
in clay tend to reorient themselves into a horizontal position 
during compaction. As the desiccation shrinkage of the clay caused 
by cation exchange is in a vertical direction (due to weak bonding 
between layers), cracks developed are therefore parallel to the 
plates. During an investigation of the effect of brine on the clay 
liner at the IOL brine pond, Hudec (1979) also observed horizontal 
cracks in the liner. 


66 3\6)5 Permeability 

The effect of brine on the permeability of compacted and 
natural clayey materials has been studied by several investigators, 
including Waldron and Constantin (1968); Rolfe and Alymore (1977); 
Dave and Klute (1977); Frenkel, Hadas, and Jury (1978); Frenkel, 
Geortzen, and Rhoades (1978); Hudec (1979); and Gordon and Forrest 
(1981). 

The permeability of clay is greatly influenced by the 
type of electrolyte present in the clay-water system. As explained 
previously, this could lead to the expulsion of adsorbed water, and 
hence shrinkage. It has generally been recognized that flocculation 
increases soil permeability while dispersion tends to decrease it 
(Gordon and Forrest 1981). 

The concentration of the electrolyte also has a signifi- 
cant influence on permeability (Frenkel et al. 1978; Dave and Klute 
1977). McNeal and Coleman (1966) found that the permeability 
generally increases with increasing electrolyte concentrations or 
decreasing sodium adsorption ratio, SAR, and vice versa, as shown in 
Figure 5. This suggestion was supported by Hardcastle and Mitchell 
(1976), who reported that clay specimens permeated with solutions of 
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PACHAPPA 
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Figure 5. Hydraulic conductivity vs. salt concentration for (a) 
Pachappa sandy loam and (b) Waukena clay loam. (No 


detail is shown within 5% of the line for SAR = 0. 
(After McNeal and Coleman, 1966) 
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successively lower electrolyte concentration showed a decrease in 
permeability (Figure 6). 

McNeal and Coleman (1966) also noted that the effect on 
permeability of electrolyte concentration and sodium adsorption 
ratio was greater for soil high in 2:1 layer silicates, ! such as 
1llite and smectite. Soils that had the highest percentage of 
smectite exhibited the largest changes in permeability, while soils 
high in kaolinite or amorphous materials were somewhat insensitive 
to changes in solution composition. This is in agreement with 
Coia's (1981) findings that montmorillonite exhibited significant 
increases in permeability when the permeant was changed from water 
to 5 N NaOH, while that of kaolinite remained unchanged. 

The permeability of clay is also affected by the valences 
of the cations. The replacement of sodium ions (monovalent) with 
calcium ions (divalent) renders the clay more pervious by giving it 
a crumbly structure (Lee 1941). Sodium treatment, which makes use 
of this principle, was commonly used as an agricultural process in 
the 1950s to improve the workability of a cohesive soil. Lee (1941) 
reported that the use of sodium ions to replace exchangeable calcium 
ions in a calcium-rich clay liner reduced its permeability. 

On permeating brine through fresh water clayey silt till 
from the IOL brine pond liner, Hudec (1979) found that the 
permeability of the clay to the brine was five times greater than 
that of the same clay to a fresh water permeant (see Table 4; 
samples were 3 cm to 6 cm in height). 

Yanful (1982) found that the permeability of a clay with 
fresh moulding water (a pure clay rather than a till mixture) is 
Significantly increased when it is exposed to brine. His results 
indicated that the permeability of "fresh water clay" with a brine 
permeant is about 100 times greater than the same material when a 
fresh water permeant is used. He mentioned that fresh water clay 


1 A brief description of clay mineralogy is _ provided in 
SEC CONNOR 
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Figure 6. Effects on permeability of decreasing electrolyte 


Goncentwacions: (a) to 0.01 Ns (bp) to 0-005) N- 
(After Hardcastle and Mitchell, 1976) 
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permeated with brine quickly developed syneresis cracks that were 
mostly horizontal. The extremely high permeability is due to the 
presence of extensive fractures. It should be noted, however, that 
Yanful's samples were very thin and hence small cracks could 
traverse the entire sample leading to unrealistic permeabilities. 

Daniel (1984) reported a case history in which some 
undisturbed clay samples obtained from the clay liner of a brine 
pond in southern Texas were tested for permeability using brine 
permeant. After more than two weeks of permeation, it was found 
that the permeability values dropped during that period by an 
average factor of two. At the end of the tests, the permeabilities 
of the samples ranged from 1 x 107/ Em/Stpton 4 +x 1077 cm/s. 
However, one month after the liner was put into service, significant 
leakage was detected. 

It is understood that some North Dakota clays exhibited a 
marked increase in permeability due to flocculation when saturated 
with a solution of NaCl at concentrations above 0.5 N; whereas, 
dispersion and reduced permeability results from NaCl concentrations 
below approximately 0.5 N. When the brine saturated soil is exposed 
to rain and snowmelt, thus decreasing the Na concentration, the soil 
tends to disperse and becomes less permeable due to resultant 
clogging of pores by fines. 

The effect on permeability of pretreating clayey till and 
a clay material with brine was investigated by Hudec (1979) and 
Yanful (1982), respectively. The permeability of a clayey till to 
brine is reduced by pretreating and remoulding the clay with brine, 
as shown in Table 4 (compare results for samples 1 versus 2 for a 
brine permeant). Yanful (1982) noted that the permeabilities of a 
brine-treated clay to brine and the fresh water clay to distilled 
water have the same order of magnitude, which suggests that the 
permeability of brine-treated clay to brine might be predicted from 
Studying the permeability of the fresh water clay to distilled 
water. 

The effect of test duration on the permeabilities of 
fresh water and brine treated clayey materials was studied by Hudec 
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(1979) and Yanful (1982). In general, Hudec (1979) found an initial 
increase in permeability with time, followed by a slight decrease 
for both the fresh water and brine-treated clays. Yanful (1982) 
concluded from his study that the permeability of fresh water clay 
to water is constant with time, while that of the treated sample to 
brine fluctuates to some degree, as 1]lustrated in Figure 7. 


2.4 CASE RECORDS 


Cau eal General 

The following performance case records and results of 
laboratory testing are presented to illustrate the effect of 
concentrated salt brines on the interaction of compacted clayey 
materials. Some of the information was obtained from sites close to 
the Redwater brine pond, Alberta studied in this report. Other more 
general case records are for clayey materials as reported in the 
literature. 


Zoho d Imperial 011 Limited Brine Pond, Redwater, Alberta 

The IOL brine pond located near Redwater is constructed 
of the same glacial till material as the Procor brine pond studied 
in this report. The surface brine storage pond was constructed in 
the summer of 1974 and, by 1977, leakage of brine was detected in 
1977 and corrective measures were implemented. 

The operational aspects of the pond are an important 
consideration for evaluation of performance. The following factors 
apply to both the IOL brine pond and the Procor brine pond: 

1. The pond is full of brine near the end of the summer 

when underground storage of NGL or butane is at a 
peak. The pond is drawn down during the winter 
months as the stored gases are retrieved for sales. 
This fluctuating pond level exposes the side slopes 
and pond bottom to freezing temperatures during the 
winter months and drying during the summer months. 

2. The hyper-saline brine tends to depress the freezing 

point of the pond fluid and the liner material. 
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Sample SE-/ 
110, | 
1x107§ | 
es REATED SAMPLE 
me ig ww atric R | 
_~-@ UNTREATED SAMPLE 
aioe TO BRINE | 


1x1078 


1x1077 


PERMEABILITY cm/sec 


1x19078 


1x19079 


TIME (DAYS) 


Figure 7. Changes in permeability with duration of test. (After Yanful, 
1982) 
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Thus, the brine saturated clay liner can be "super- 
cooled" below freezing without ice formation. 

3. Make-up water, snowmelt, and precipitation entering 
the pond floats on the surface of the concentrated 
brine. This layer of fresh water has two effects: 
first, the sideslopes of the pond are subject to 
varying concentrations of brine and fresh water as 
the pond level fluctuates; and second, the concentra- 
ted brine can act as a solar collector during the 
summer months to heat the brine and hence, the clay 
liner. 

4. Fluctuating pond levels tend to create cyclic wetting 
and drying of the clay lined materials forming the 
pond sideslopes. 

An investigation of the brine leakage from the pond, 
including an in situ investigation program and laboratory testing of 
the liner, was conducted by EBA Engineering Consultants Ltd. (EBA) 
in 19738. The purpose of the investigation was to evaluate the cause 
of the brine leakage and make recommendations for relining the pond. 
A laboratory testing program was conducted on samples of the clayey 
Silt till forming the pond liner, which had an average gradation of 
about 2% gravel, 34% sand, 43% silt, and 21% clay sized particles. 
The average Atterberg Limits of samples taken for laboratory testing 
WEnera I IGUIdMinitvOhecon a ollastie Nimit of Looe and) a plasticity 
index of 12%. The in-place moisture content ranged from about 10% 
to 14%. 

X-ray diffraction analysis of the clay fraction was 
conducted as part of the overall testing program. There was no 
observable effect on the clay structure due to brine saturation. 
The maximum percentage of montmorillonite in the samples analysed 
ranged from 6% to 9% by weight. The results of the X-ray analysis 
are included as Table 5, which shows the relative proportions of 
montmorillonite, illite, and kaolinite in the clay fractions. 

Laboratory permeability tests on both "undisturbed" and 
recompacted samples were conducted by EBA (1978). Tests were 
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Table 5. Results of X-ray diffraction analysis for the IOL brine 
pond liner.? 
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Sample No. M5 M10 M45 ge M69 

Depth ScOMmuca  2eoutorce) 5s = 50 to lOOm™ 50 Co 100 
(mm) (mm) (mm) (mm) 

% clay size 18 18 26 29 

Spacing changes none none none none 

caused by sodium detected detected detected detected 


and calcium jons 


Relative percentages 
of clay minerals 


Montmorillonite 40 40 25 30 
Illite 40 35 45 45 
Kaolinite 20 25 30 25 


Maximum % 
montmorillonite 7 7 6-1/2 8-1/2 


4 source: EBA (1978). 
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conducted in a triaxial cell with high back-pressure to ensure 
Saturation. The sample height was 10 cm in all cases, with initial 
moisture contents ranging from 11% to 16% (i.e., wet-of-optimum). A 
brine fluid from the site was used as a permeant in all cases and in 
addition, the recompacted samples were followed by permeating with 
distilled water. The moulding water for all samples was the in situ 
pore fluid, which was. brine-rich. The laboratory-determined 
permeabilities for "undisturbed" samples were in the range of 3 x 
1079 CM/S oO 3° x 10-8 cm/s. The permeability of recompacted 
samples was an order of magnitude higher and, upon introduction of 
distilled water to the brine-saturated samples, the permeabilities 
decreased dramatically by up to one order of magnitude. The test 
results are summarized in Table 6. 

An analysis of the seepage losses from the pond conducted 
by EBA (1978) determined that the 1.2 m thick lining on the sides 
and 0.91 m thick lining on the bottom of the pond had an overall 
effective field permeability of about 2.1 x 10-6 CM/S wo S60) x 
10-6 cm/s, which is significantly higher than the laboratory 
test data would suggest. The difference was attributed to the 
Sample preparation method and the closure, in the laboratory tests, 
of fissures that were probably open in the field. 

Three mechanisms that may have contributed to the 
cracking of the liner were suggested by EBA (1978), including: 

e Differential settlement of the pond, leading to tensile 

Strains and fracturing 

e Desiccation on pond sideslopes due to wetting and 

drying cycles 

@ Physical - chemical shrinkage due to syneresis (shrink- 

age of compacted clay till following changes in the 
thickness of the bound water layer around clay minerals 
from heat and concentrated brine solutions) 

Hudec (1979) also studied the IOL brine pond and develop- 
ed a model of brine-clay interaction to evaluate performance. The 
effect of electrolyte concentration on the double layer potential 
adjacent to a clay particle is shown in Figure 8. The thickness of 
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Table 6. Summary of measured permeability values, IOL brine pond 


liner. ? 
Sample Dry Moisture Permeability 
No. Density Content (cm/sec) 
(pcf) (%) 
5 119.9 15.3 DB 52 OR’ 
13 yee 14.4 ese Oa 
15 116.4 15.9 Be) 52 Oe 
16 120.2 a5 8.7) 2 Ore 
Compacted Sample (1) 109.8 ae WS silo 2 
to 
4.0 x 1078 
Compacted Sample (2) 113.0 Hike 2.8 9% er! 
to 
9-0) x 1050 


4 source: EBA (1978). 


NOTE: Samples 5, 13, 15, and 16 are undisturbed core samples from 
the in situ liner. Compacted samples (1) and (2) were taken 
from the liner and recompacted in the lab. 


POTENTIAL (mV) 
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MONTMORILLONITE: cec = 83 meq/I00g 
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Figure 8. The effect of electrolyte concentration ona 
double layer potential of montmorillonite clay. 
(From Hudec, 1979) 
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the double layer is significantly affected by changes in electrolyte 
concentration; variations in temperature of the permeant also con- 
tribute to changes in the double layer. Hudec conducted permeabil- 
ity tests on 3 cm and 6 cm thick samples and found that when a brine 
permeant is introduced into a sample of IOL till moulded with fresh 
water, the permeability is approximately 5 times greater than the 
same sample permeated with fresh water. The characteristics of the 
brine used in Hudec's tests are listed in Table 7 and the index 
properties of the clay till tested are summarized in Table 8. 
Hudec's tests were conducted on a bulk sample of uncontaminated till 
from a borrow pit, which was then prepared as three separate samples 
as follows: 

e Sample 1 - fresh water moulding 

@ Sample 2 - brine moulding water 

e Sample 3 - powdered salt and fresh water as moulding 

solution 

The results of Hudec's permeability tests are summarized 
in Table 9, and indicate that both the duration of the test and the 
sample thickness had an important influence on the permeability 
value obtained. He attributes the observed increase in permeability 
when a fresh water material is subjected to brine to (1) shrinkage 
of the structure following changes, (decreases) in the double layer 
thickness around clays; (2) a reorientation of clay particles from a 
dispersed to a flocculated condition; (3) osmotic vapor pressure 
differences leading to a transfer of fresh water from the clay to 
brine solution; and (4) hot brine decreasing the double layer 
thickness and leading to shrinkage of the material. In regard to 
temperature variations, thermistors installed in the IOL brine pond 
indicated that brine temperatures could vary from about 3°C to over 
40°C as brine solutions are solar heated. The heated brine appears 
to enhance cracking. 

The thin samples used by Hudec in the permeability tests 
could lead to transverse cracks passing through the entire sample 
and thus to unrealistic estimates of permeability. Hudec indicates 
however that the main interpretation of his test data is the 
relative permeability values rather than actual numerical estimates. 
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Table 7. Characteristics of brine permeant used in permeability 
testing of I0L clay till by Hudec.? 


emer ee we ee we we we we we ee we we we we we we wee we ee we we we ws we we we we ws wwe ww ww we ww we we wr a ew we a we ww a a ae ae ae ae ae = = se = 
SSS BBBweaee eS Se ee ee ee ee ee ee a ee we we ew we wee wee ee ee ee ee we a ae a ae ae ae Se 


Brine Permeant Sample 1 Sample 2 Procor Brine 
Ko mgy//ley) 56.17 55.98 20 
Na (g/L) N20 682 123.34 135 
Ca (mg/L) O7 0557, 965.26 564 
P50 (mg/L ) 2.39 Les 20 
Cl watgy/ey) 134.77 134.73 220 


@ Source: Hudec (1979). 
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Table 8. Index tests of clay till from site of the IOL brine pond 
tested by Hudec.? 


Parameter Clay Type 


Fresh Salt 


Atterberg Limits 


Liquid 29.4 Cavell 
Plastic 14.4 yA T/ 
Shrinkage 5S 24.6 
Plasticity Index 1153510) 9,4 
Swelling (Shrinkage) 1.6 O55 
Potential, % 
Optimum Compaction 
Moisture 12.4 RS) 
Density (Dry) 1.99 1.98 
Density (Wet) 2.26 De 
Density, Plastic Limit 2500 ZoOl 
remou | de 
Permeability (10-8 cm/sec) 
3 cm clay thickness 
Fresn water 12 ND 
Salt water (brine) 5.8 8.6 
Recompacted ND LoS 
6 cm clay thickness 
Fresh water (120 hr) O55 ND 
Salt water (brine)(240 hr) 0.40 ND 


2 Source: Hudec (1979). 
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Bates Chevron Brine Pond, Redwater, Alberta 

A surface brine pond in a silty clay and clay material 
located near Redwater, Alberta was studied by EBA (1971, 1978). At 
ES Smee nm  the m SUDSUThace Materials | Comprise "va relatively 
homogeneous clay with interbedded silt zones and occasional gravel 
pockets. An evaluation of the seepage losses from the clay lined 
pond was conducted in 1978, six years after operation commenced. 
Samples from the pond sideslopes and pond bottom were obtained by 
pushing Shelby tubes into the material. The average gradation of 
several samples was 3% sand, 51% silt, and 46% clay. The average 
Atterberg Limits for the material studied were: liquid limit of 
Sova plastic Imi oF 20n, and) a plastreity, index of 15%.: The 
in-place moisture content averaged about 25% and ranged from 18% to 
27%, which is close to the moulding moisture content during sample 
compaction tests. 

Permeability tests were conducted on brine saturated 
samples obtained from the pond bottom. Distilled water was used as a 
permeant for all samples. The tests were conducted in a triaxial 
apparatus with a back pressure to ensure saturation. The results of 
the permeability tests are summarized in Table 10, and indicate that 
permeabilities generally range from about 1 x le? eo 3 x 
1079 cm/s. The sample from Test Pit No. 4 had sand/silt layers. 
It should be noted that consolidation tests conducted in 1971 during 
the design phase were used to estimate a comparable vertical perme- 
ability value of between 5 x 1078 cm/s to 5 x 1079 cm/s. 

The clay liners in two adjacent ponds at this site had 
liner thicknesses ranging from 0.76 m at the top of the liner to 1.5 
m in the pond base in one pond, and a minimum thickness of 0.76 m 
overall in the second pond. Based on a review of the pond 
performance and construction, it was concluded that a silty zone or 
Silt stratum existed in the retaining structure that allowed 


1 


relatively high seepage losses. The exposed pond sideslopes and 


1 It should be noted that a similar situation existed at the 
Procor brine pond near Redwater. 
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Table 10. Results of permeability tests on tube samples from 
Chevron brine pond liner (clayey silt and clay).? 
Sample Depth Permeant Moulding Coefficient of 
Location (m) Fluid Permeability 
(cm/sec) 
500 W ND distilled ("undisturbed") 1.27 x 1078 
(pond floor) water in situ brine 
Test Pit 0.9 to 1.2 distilled ("undisturbed") 8.31 x 1079 
No. 2 water in situ brine 
Test Pit 0.9 to 1.2 distilled ("undisturbed") 2.96 x 1079 
NOs ZA water in situ brine 
licst Pate ale2atoul-S edistilied (‘undisturbed") 2.90 x 107” 
No. 4 water in situ brine 


@ Source: 


EBA (1978). 
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pond bottom exhibited alligator cracking and significant shrinkage 
in response to exposure to the brine. Even though significant 
cracking near the surface was observed, the materials at depth are 
generally intact clay and clayey silt materials, which tended to 
limit seepage. Problems encountered at the Chevron site are related 
to silty zones through the pond base and dykes allowing concentrated 
seepage flows. 

The Chevron case demonstrates the applicability of clay 
lined ponds in situations where the effective pond liner thickness 
(including the compacted zone and the natural materials beneath) 
tends to limit the seepage losses, even though surface cracking can 
occur due to the many mechanisms that increase the permeability of 
clay when exposed to brine. 


224.4 Dome Brine Pond, Fort Saskatchewan, Alberta 

Investigation of the suitability of local clay till for 
lining a brine pond at the Dome NGL storage facility was conducted 
by Hardy Associates (1977). Fifteen permeability tests were 
conducted on samples compacted at various water contents under a 
constant head of 10 psi. The results of the tests listed in Table 
11 show a wide variation in initial moisture contents. Only two of 
the tests were conducted with a brine permeant (denoted by symbol B 
in Table 11). In both of these cases, the permeability increased 
by a factor of between 20 and 63 when compared with permeation with 
distilled water. The results in Table 11 also illustrate the 
importance of moulding water content on permeability as discussed 
previously in Section 2.2.2. 


2.4.5 Saskatchewan Til] 

The effects of brine on the permeability of a typical 
glacial clay till material from Saskatchewan were tested by the PFRA 
(1979). The index properties of the materials tested are listed in 
Table 12. Permeability test results on these materials are summar- 
ized for mixtures of fresh water and brine in the moulding liquid 
and permeant as summarized in Table 13. The tests were performed by 
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Table 12. Index tests of Saskatchewan glacial clay till tested by 
Peiva UNSAS)))o 


me a we ee we we we we es we ee we ee we we wee we we we wee we we we ww we we wn we we we we we we ww we we we we we we we we es ae ae ae aes aes aes aes ae ee ee ee ee ee ee 
= SSS BBB eB BS See ee ee Oe ee ee ee ee ee ee eae ae ae ae ae ee ae a ae ae ee ee eee eee ee eS EE Ee TE = 


Test Specific Atterberg Limits Grain Size - % 
No. Gravity 
Se Vaud: ePlasitiey plastic Saincl - OGoO74 Os 002 
Limit Limit Index mm mm 
1 2./34 38} 14 19 2 68 24 
5 Qo Tes 24 15 9 31 69 26 
3 2.734 31 15 16 30 70 27 


7 2.747 23 V5 8 30 70 2) 


45 


°(6Z61) Wudd :994n0S 4 


g-O1XL9°t g-OIXcd°L 8ES °0 ou lig Ste 6°8cl wnwt3dQ ou Lug L g2 
g-O1X0p*¢ g-OLXel tb 985 °0 AQTeM S* LOT v°scl winwt3dQ ou LAg € 89 
g-OIX90"E = g -0TX20°9 LSS°0 ou Lg S°OTT €°9cT wnwt3dQ Ad Tem G M9 
g-OIXTe°4 g-O1Xcb'l 26S °0 Ag eM T° ZOT 6°9cT wnwtzdQ Ao eM i M9 
Jas /wd ULw/d4 
9, 0¢y J_0¢y (2) (49d) (%) 

orzey Ay LSuaq (jod) quaquo) pinbtq “ON SdLuas 

ALL Lqeewuad PLOA queswiead Kiq Ayisuag  a4anzstow Bbutp[now 4seL qsol 


a ew wn wwe we we wa we ww we mw ms ww SS SSS SSS SDE SSDS SSS SS See ee eee 
me ee ewe eee ee ee ee ee ee ee ee ee ee ee ee ee ee ee ee we we a a a SS Se SS ee See eae eer a Se ee ee 


pe LLt2 AelLo uemayozeyses - Sz[NSar 4S9} AZLLLqeaw4eg °ET aLqel 


46 


falling head methods on compacted specimens prepared at or near the 
optimum water content. The gradations of the samples used in these 
tests are similar to the gradations of the materials collected from 
the Procor brine pond near Redwater, Alberta. The results of the 
tests indicate that the introduction of brine results in an increase 
of permeability of approximately five fold. 


2.4.6 Other Reported Laboratory Test Data 

Hardcastle and Mitchell (1976) studied the effects of sea 
water intrusion on the permeability of fresh water sediments. The 
model they developed investigates the change in pore volume between 
clusters of particles due to changes in the bound water layer 
Surrounding clay minerals. Permeability tests were conducted on a 
mixture of crusned basalt and illite clay composed of 5/7% fine sand, 
33% silt, and 10% illite clay. The permeant was 0.6 N salt water 
solution to model sea water. The tests were conducted by pro- 
gressively decreasing the electrolyte concentration in the permeant 
while maintaining a constant gradient of 10. It should be noted 
that although the tests followed a reverse procedure compared with 
the tests discussed previously (i.e., introducing brine to a fresh 
water compacted clay), the results do provide an indication of the 
effect on behaviour of varying the electrolyte concentration of the 
permeant. 

The laboratory test results indicate that an increase in 
electrolyte concentration from distilled water to 0.6 N salt 
Solution increases the permeability of the material tested by less 
than 20%. It should also be noted that the changes in permeability 
occur relatively rapidly, at less than 0.5 pore volumes! of flow 
through the sample. 

McNeal et al. (1966) studied the effect of various salt 
solutions on the volume-change behaviour of clayey’ soils. 
Permeability tests were conducted on two soils having between 13% 
and 30% clay, of which the dominant clay mineral was montmorillonite 


1 one pore volume is the volume of permeant required to fill the 
available pore space in the sample. 
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(32% and 40% of the clay fraction of each sample, respectively). 
The results indicate that for a variation in concentration of the 
permeant from about 800 meq/L to 3 meq/L, approximately one 
order-of-magnitude change in permeability occurs. These results and 
other reported data indicate the effect of the solute concentrations 
on volume changes when montmorillonite constitutes a significant 
percentage of the clay fraction. 


Zoo SUMMARY OF LITERATURE AND CASE RECORDS 

A review of the literature on the effect of brine on the 
interaction with clay minerals leading to changes in permeability 
indicates that the following factors control behaviour: 

e Concentration of the permeant and relative percentage 

of reactive clay minerals, such as montmorillonite 

@ The initial arrangement of the aggregate particles as 

defined by the compaction method or sedimentation 
method 

e The duration of the test; that is, the time required to 

allow the effect of brine on clay minerals to come to 
equilibrium 
e The size of the sample. For normal testing times (say 
2 weeks), only a small portion of the sample becomes 
Saturated with brine 

e The method of preparing the sample, saturating the 
material and conducting the permeability test (i.e., 
upward or downward permeation through the sample) 

A review of case records that illustrate the effect of 
brine on the permeability of compacted clay soils is summarized in 
Table 14. These results indicate that a wide variation in 
permeability values can occur, depending on the variables listed 
above. 

The results of the literature review indicate that, 
although the factors controlling volume change behaviour and hence 
permeability changes of compacted clays can be identified, there is 
Currently insufficient laboratory testing data to allow the relative 
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importance of each factor to be determined with great accuracy. It 
can be stated, however, that for a given compaction method, and 
moulding moisture content, the most important variable controlling 
volume change behaviour to brine permeants is the percentage of clay 
minerals and, more particularly, the percentage of swelling clay 


such as montmorillonite. 


oo 


41 «NDB TLII JHE fit bw bonty a) 
bas - bontan nord 2eqmo> nevte- 5 not ‘oa 
agi ofdstrey tnstsogmt deo ‘ent dood 
> to bias 199 shia et ednsnenee onind o -wotve 


Sil 


Sic LABORATORY TESTING PROGRAM AND RESULTS - REDWATER CLAY 
RES EINER 
Si Uh OUTLINE OF TESTING PROGRAM 


Samples of brine-contaminated, compacted clay till and a 
bulk sample of uncontaminated clay till were collected from the site 
of a disused brine holding pond owned and operated by Procor Limited 
near Redwater, Alberta. Details of the site, operation of the pond, 
and performance are discussed in Section 8.2. A summary of the 
laboratory test results pertinent to this study are presented in 
this section. The material investigated is first classified using 
index tests. The moisture - density relationships for fresh versus 
brine moulding water content were studied, along with the effects on 
plasticity of soaking samples with a hypersaline brine solution 
collected on-site from the adjacent (active) brine pond. Finally, 
the results of falling head permeability tests on recompacted 
samples of uncontaminated till and brine-contaminated till, as well 
as "undisturbed" tube samples, are discussed. 


3352 CLAY TILL MATERIALS 

The site of the Procor brine pond is characterized by a 
relatively homogeneous deposit of stiff to hard clayey silt and sand 
with some pebbles (clay till). The deposit is about 10 m in thick- 
ness and overlies bedrock. Frequent sand stringers and silty zones 
occur throughout the till unit. 

A moisture content profile of natural materials from the 
project area is presented in Figure 9, indicating that the back- 
ground moisture contents range from about 8% to 20%, characteristic 
of compact glacial tills in this region of Alberta. The disused 
brine pond is understood to have been "lined" with a zone of 
recompacted and reworked material about 0.5 m to 1.5 m in thickness. 
A detailed moisture content profile taken from block samples 
(samples #2, #3, and #4) from the pond bottom is also presented on 
Figure 9 to illustrate the significant increase in moisture over the 
natural in situ material. Sample #2 was taken from the upper part 
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of the liner (0 - 20 cm), Sample #3 from the middle (20 - 40 cm) and 
Sample #4 from the bottom (40 - 70 cm). Moisture contents as high 
as 40% were observed near the pond surface in Sample #1, but became 
more uniform at about 20% in Sample #3 and the upper part of Sample 
#4. Moisture content in the middle section of Sample #4 increased 
to about 30 - 35% before decreasing to 25% at the bottom. The vari- 
ation in moisture content in Sample #4 could be a reflection of the 
transition from recompacted liner material to in situ (uncompacted) 
materials below the liner. Sample #1 is a bulk sample of natural 
material, and was obtained from a test pit adjacent to the brine 
pond (refer to Figure 36 in Section 8.2 for location). 

The gradational characteristics of the four samples are 
Summarized in Figure 10. As indicated, the materials are very 
Similar, with a clay content (i.e., % finer than 0.002 mm) ranging 
from about 20% to 27% by weight. Plasticity characteristics of the 
fine fraction were conducted for each sample and are summarized in 
Figure ll. The results for the Atterberg limits, conducted using 
distilled water (ASTM 0423, D424), indicate that the material is a 
clay with low plasticity; the plotting of Sample #4 shows that it is 
a silt of low plasticity (ML). The effect of brine on plasticity is 
discussed below. 

Scanning electron microscope (SEM) and X-ray diffraction 
analyses were conducted on Sample #1 (uncontaminated till) and 
Sample #2 (brine-contaminated till from a block sample near the 
Surface of liner). The results of these analyses are presented in 
Section 8.4 and can be summarized as follows: 

clay minerals torm 95 0f thes bulk, composition ‘of 

Sample #1 and 13% of the bulk composition of Sample 
#2. 

2. The glycolated clay fraction analysis for the two 

samples is as follows: 
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Figure 11. Effect of brine on plasticity. 


PERCENTAGE OF CLAY MINERALS IN CLAY SIZED FRACTION 
SAMPLE KAOLINITE OL IWS CHLORITE SMECTITE 
(montmorillonite) 


20% 31% 7% 42% 
23% 36% 9% 32% 


Ol 


3. The clays are mainly detrital and coat larger grains 
of the sample (refer to SEM photographs in Section 
Bal) 

4. Smectite clay in samples #1 and #2 is largely 
calcium-rich, and has a lower propensity to swell 
than the sodium-rich type. The brine saturation of 
Sample #2 does not appear to have affected the cation 
Ey oer 

5. Sodium chloride crystals have precipitated from the 
brine as thin films or fine irregularly shaped crys- 
tals in Sample #2. The exposure to brine appears to 
have had only a minor influence on the characteris- 
tics of the clays or the structure of the aggregate. 

The majority of the falling head permeability tests were 

conducted on Sample #1 (uncontaminated till) and Sample #2 (highly 
brine-contaminated till). The moisture - density relationship 
(Standard Proctor) for samples #1 and #2 using tap water versus 
brine as a moulding fluid are summarized in Figure 12. The effect 
of brine moulding fluid on compaction characteristics is discussed 
in the following section. 


Bod CHEMICAL CHARACTERISTICS OF SOILS AND PERMEANTS 

Chemical analyses were conducted on the four soil samples 
and the brine permeant. The results of the analyses are presented 
in Section 8.5. The soil samples were saturated with distilled 
water to form a paste, and chemical analyses were conducted on the 
fimeenedmextract. | ine) results of the analysis on the four soil 
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Figure 12. Summary of compaction characteristics. 
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Samolesme nc cOnsidehed ton De  Represemeaenve! "Of the pore water 
chemistry as sampled in the field. The results of this analysis are 
summarized in Table 15. The marked influence of brine contamination 
is evident, although the variation in brine content (NaCl) with 
elevation in the liner was unexpected. The higher concentration in 
Sample #4 compared with Sample #2 could be a reflection of surface 
cracking and infiltration with fresh water, resulting in a diluted 
concentration in the near surface zone. It should be noted that a 
check analysis was conducted on Sample #4, which confirmed the trend 
noted in Table 15. 

The chemical characteristics of the permeants used in the 
falling head permeability tests and for sample preparation are 
listed in Table 16. A bulk sample of brine was collected from an 
operating pond at the Procor site. The "fresh water" permeant is 
Calgary tap water; the chemical analysis of Calgary tap water was 
provided by the City of Calgary. It should be noted that the brine 
is a hypersaline solution with a specific gravity of 1.36 and a 
total dissolved solids of 356 g/L. This brine solution is much more 
concentrated than most salt water solutions considered in the 
literature (compare sea water at 0.6 N to Procor brine at 355 N). 


3.4 BRReCiSn On BRINE ON PLASTIC IVY, 

The effect of adding brine to an air-dried sample of clay 
till from the Procor site is illustrated in the plasticity chart in 
Figure 11. As indicated, the brine tends to reduce both the liquid 
limit and plasticity index, changing the classification from a clay 
of low plasticity to a silt of low plasticity. This change could be 
a reflection of the influence of highly concentrated salt solution 
On the bound water layer surrounding clay minerals, which controls 
plasticity. The effect of the duration of brine soaking on plastic- 
ity was evaluated by conducting tests for Atterberg limits at var- 
ious times of soaking. The results of this study are summarized in 
Figure 13, and indicate that after about two days of soaking, very 
little change in plasticity and liquid limit occurs. The effect of 
a four-day soaking period on plasticity characteristics is also 


eee ee eS ee — 


Table 15. 


eee eee ae we we ae we = 
SSS 


Chloride 


pH 
Bicarbonate 
Sulphate 


Sodium 


Potassium 
Calcium 
Magnesium 


a Analysis 
content. 


ONS. 


Chemistry of pore water in samples of clay till 
materials from Procor brine pond site. 


#1 #2 #3 #4 
Uncontaminated Contaminated Contaminated Contaminated 
Clay Till Clay Till Clay Till Clay Till 

40.6 38 000 53 000 79 000 
(61 000)¢ 

6.95 ND Pash ND 

12 ND 122 ND 

31065 ND 225 ND 

iG)er2 25200 34 800 52 000 
(39 100)4 

6 2 8.50 M@e 2h WES) 

S15)6 J 12,0 LLG 2230 

17.4 eS U8 29.0 


checked to confirm unexpected variation in brine 
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Table 16. Chemical characteristics of permeants used in hydraulic 
conductivity tests of Redwater clay till. 


Brine? Tap Water? 

pH 6.95 8.15 
conductance (ymhos/cm) exceeds 200 000 300 
chloride (mg/L) 220 000 3 
bicarbonate (mg/L) 21 175 
sulphate (mg/L) US) 60 
sodium (mg/L) 1351090 3 
potassium (mg/L) C085 O75 
calcium (mg/L) 564 60 
magnesium (mg/L) NS) 52 15 
total dissolved solids (TDS) 356 838 220 
(mg/L) 
specific gravity (g/cm?) 136 100 
sodium adsorption ratio (SAR) ays 0.09 
NaCl concentration (meq/L) 355 000 6 

(N) 355 0.006 


a sample taken from active brine pond near Redwater, Alberta 
(Procor site), September 1984. 


D Typical City of Calgary test data for 1983. 
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Figure 13. Effect of brine soaking on plasticity of uncontaminated 
Sample #1. 
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indicated on the plasticity chart in Figure 11, indicating a further 
reduction in liquid limit. The results of these tests indicate that 
the maximum influence of brine on plasticity characteristics of the 
clay till considered in this study occurs after about 48 hours of 
soaking with a hypersaline brine solution. Thus, in the permeabil- 
ity testing program, where pretreating an uncontaminated sample with 
brine was studied, samples were soaked for at least 48 hours. 

The plasticity changes shown in Figure 13 indicate that 
soaking in a concentrated brine solution (Table 16) reduces the 
plasticity index to the range of the in situ values for Sample #4 
(highest salt content). The data also suggest that the plasticity 
of the uncontaminated sample is similar to that of Sample #2 from 
the pond bottom, which in turn suggests that the brine-saturated 
liner is diluted with fresh water, as the changes are reversible. 
This observation may substantiate the observed trend of the chemical 
analyses listed in Table 15. The plasticity changes indicated in 
Figure 13 also suggest that the "brine-soaked" samples of initially 
uncontaminated clay till (Sample #1) may represent a worst case 
condition in which the maximum possible effect of brine on clay 
minerals is allowed to occur prior to permeability testing. 


Shs DISPERSION CHARACTERISTICS OF PROCOR CLAY TILL 

The dispersion characteristics were estimated by the 
double hydrometer test as discussed by Sherard et al. (1976). 

By this method, the ratio of the percentage finer than 
two microns for hydrometer tests run with and without dispersant is 
defined as a qualitative measure of the dispersion potential of a 
material. The results of these tests shown in Figure 14 indicate 
that the uncontaminated material (Sample #1) exhibits no dispersion, 
whereas the contaminated Sample #2 exhibits about 100% dispersion. 
One hundred per cent dispersion indicates a very high propensity to 
disperse when fresh water is added to a brine-saturated material, 
which is a situation that can occur on the exposed sideslopes of an 
Operating brine pond. 
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Double hydrometer test results, Redwater clay till. 


Figure 14. 
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The possibility of particle dispersion and loss of 
particles from the aggregate structure as water seeps through the 
mass is particularly important in the near-surface zone of the brine 
DONG ln menSe Zone.) SUishaceGracking could oc¢eur and; during the 
Operation of the pond, fresh water from make-up or precipitation 
could enter the cracks, leading to clay particle dispersion, erosion 
of material, and possibly a piping failure to an underdrain. 


36:6 EFFECT OF BRINE ON LINER PERMEABILITY 

The permeability testing program is described in Section 
8.3. Falling head tests were conducted on three types of samples as 
follows: 

e Type 1 - Compacted, uncontaminated clay till 

e Type 2 - Compacted, brine-contaminated clay till from 

block samples collected in pond bottom 
e Type 3 - "Undisturbed" tube samples cut from block 
samples obtained from pond bottom 

In addition, an oedometer test (Type 4) was conducted on 
an "undisturbed" sample cut from block Sample #2. The permeability 
was then calculated from the time-compression characteristics using 
one-dimensional (Terzaghi) consolidation theory. 

The results of the testing program are summarized in 
Jaole Wile The compaction characteristics and moisture changes 
during testing (i.e., saturation) are important variables that 
affect laboratory test results. These factors are summarized in 
Faiguine 7 15). The influence on permeability of these factors is 
separated from the effect of brine, which is the main area of 
investigation in this study. The specific results for each test are 
also discussed briefly in the following section. 


356 Il Type 1 - Compacted, Uncontaminated Clay Till 
A total of five falling head tests were conducted on 
Sample #1 (uncontaminated clay till). All samples were compacted to 
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about 90% to 95% of the maximum dry density as determined by the 
Standard Proctor Test (ASTM 0698). The moisture content was 
selected as at least 2% wet-of-optimum to provide a more workable 
material, to limit the variability in permeability with moulding 
moisture content and to aid in saturation. The initial moisture 
contents and changes during the permeability tests are summarized in 
Figure 15. This figure illustrates the saturation changes during 
each test and also indicates that several tests were actually 
conducted on partially saturated samples. The implications of this 
condition are discussed below. 

Test #1:  Fresh/Fresh-Brine: Test #1 (Figure 16) was 
prepared using tap water as a moulding fluid and brine was introduc- 
ed as a permeant. When brine was introduced, the permeability 
increased by about one order of magnitude over a three-day period, 
then fluctuated and, levelled off to about 2 x 10-8 cm/s. The 
hydraulic gradient on the sample changed considerably during the 
test, but it was found that variations in the hydraulic gradient 
caused only small variations in the test results. 

Test #1 is an important test result because it represents 
a common situation where a brine pond might be planned and samples 
Of native materials in the area collected for permeability testing 
in the laboratory. The introduction of brine to the uncontaminated 
material with fresh water moulding appears to have an appreciable 
influence on permeability. Although the sample saturation was 
relatively low during the test (i.e., 95% saturated) and the measur- 
ed values of permeability were likely lower than saturated values, 
the relative values before and after introduction of brine is an 
important observation. 

Test #2: Brine/Brine: Test #2 represents the situation 
in the field where brine is added to a native soil as a moulding 
fluid and immediately compacted. No "soaking period" is modelled by 
BIS WeSise 

In Test #2 (Figure 17), brine was used as both the 
moulding fluid and the permeant. ihe large, everilatiion. in 
permeability after day 4 of the test has been attributed to probable 
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leakage in the system, as well as a reversal in permeation 
direction. It should be noted that unless otherwise stated, all of 
the tests were conducted by permeating upward through the sample to 
aid in saturation and the release of trapped air bubbles in the 
system. Additionally, it should be noted that the _ largest 
variations in permeability of the samples are for tests #1 and #2, 
both of which appeared to be at about 95% saturation level at the 
end of the test. Thus, these fluctuations in permeability could be 
in part due to the partially saturated state of the samples. 

Test #3: Brine/Fresh: Test #3 was conducted on 
initially uncontaminated material with brine as a moulding liquid 
and fresh water as a permeant. This test represents a case in which 
natural materials are "treated" by adding brine, then fresh water 
from snowmelt or make-up water is impounded and permeates the 
material. 

The results of this test, shown in Figure 18, indicate a 
very stable and relatively constant permeability. The material was 
essentially 100% saturated at the end of the test and it is noted 
in Table 17 that the material increased in moisture content by 4%, 
indicating swelling of the clay minerals. Although the test was 
conducted for only 12 days, the trend of permeability is to decrease 
with time, which is consistent with the swelling of clay minerals 
and the increase in moisture content. 

Test #4: Brine Soak/Fresh-Brine: In Test #4, Sample #1 
was soaked with brine for 48 hours then permeated with fresh water 
followed later by a brine permeant. The results of the test are 
Shown in Figure 19 and indicate that the permeability is relatively 
constant with time, although an increasing trend is noted. In this 
test, the material becomes essentially 100% saturated at the end of 
the test and the moisture content of the sample increases by about 
5%, aS indicated in Table 17. The effect of changing the permeant 
from fresh water to brine does not appear to have any appreciable 
influence on permeability. ; 


a 7 


; ari? nt eatddud. até. poe to. soneter 7 ia eT 
teopie! ort gett “beton od. & 


“6 stestbat 1a awe t4. nt. aworda: core to. artwes gAT : ‘ 
” 26w [stastsm ‘oT syst ttdsomreq inegenod vfevtstelen. bas aldste Cav 


- 4oT6W heer Aig Tw betsomueq nae a Bh. eh 4 


ncttnsereq ns reve Wi “26 


iefinonte elo to pad I fewe old nthe “fibtetenda. at dotew yomtt aw 


erat a1 sbeton et bagi. pntes 


| tnesensq. ong pntoneita. to a | 


ie 


10 irs betes setwrartso, 229 Tn 


‘Sie! 


(Sh dos IV etest et S18 eotamsa 
etd fs [aval not ford 6e vee 00d 76 
ad. bfuoa yttt Idaemiaq, ar atic uy a 


es Bo ant oot 5 26 onied ee i aden mss noom tated ive 
fneanrs 6 26 V8I6W dean? baa. 


do tetw nt 9289 6 einaesqer tees obit #3 
yodew Haan? nant Jontyd prtbbs: e ysaoos" cary atetvassm Terwtsn ie 
a 10) _ a ferwong mony P an 


sit ities N bné SENC OST ty weds 
oe a “sfabvsten 


i 


boston 2t 3P bos gead any Yo bre) ‘ont at bots wise 8001 ‘fettnazze 
28 ye InpInd? oud 2 tof nt ‘beeneradt fatvesem. ‘ent tartt Vt sidet at 
eau jtz0t art. dpuodti{A- _<afterentd to. ond 46. phil fawe prtgpotint 
g2gor29b 62 2t vit Tidssarrsq to: baad ‘od? ‘oyeb a Xiao. 40? begoubnoa 


nee ee srisg2tom nt seeavont - bre 
‘ton tvBad2on3 ined sted 3h EE | a 


1 efqms2- et deat at. 


avs 125% ond Yo atfuesy eat” 90 frvsq 90 aati” 6) 
xlovigsten 2t vd ff tdssmne ond todd, ge | 


Yo bne art $6 bets vudse 200% via 
“guods yd aspseront sfqme2 ony, Yo, 


_Siatawrane: bed avee ot 169 


Joie ay Sa (ER i 
2 Bt oo | 
8 MOIS 
SS ne 
Soo ee Reon 
EERE EET 7 
EEE 5.0 em 
| ona ae e ae 

ia 

| CTE LETT] 

S 

< 5 

» 

ae py 

Sate Se ae (SSR (RAT aie (a Se it ae [are 

= 2 ee y Aga SS a aw oe 

eee ere 

= 

= IEEEEEEEEEEEEEEET EEE 
SUREGUCRREREERRRRROUE 


10°? TUELEEILEPLEETLEETE 


TESTING APPARATUS TIME (DAYS) 


LEGEND 


a AVERAGE STABILIZED VALI 


FOR DAY, GRADIENT = 34 | 


PERMEAMETER CELL (A=81.07 cm2) 


Figure 18. Falling head permeability, Test No. 3. 
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It is noted that the difference between tests #3 and #4 
is the brine soaking, which does not appear to have had a signifi- 
cant influence on permeability. The initial permeabilities are 
similar, in the order of 1 x 10-8 cm/sec. 

Test #5: Brine Soak/Brine: Test # 5 was prepared by 
soaking uncontaminated material with brine for 48 hours’ then 
permeating with brine. This represents a situation where natural 
materials are pretreated by soaking with brine immediately before 
the brine pond goes into service. The purpose of pretreating with 
brine is to allow preshrinkage of the clay prior to compaction so 
that the permeability changes due to brine permeation will be 
greatly reduced. 

In Test #5 the uncontaminated Sample #1 was soaked for 48 
hours with hypersaline brine, then permeated with a brine solution. 
The results of this test are shown in Figure 20 and, once again, 
indicate a relatively constant permeability with time. It is noted 
that in this test the final saturation of the sample is about 92%, 
which is close to the initial saturation. The sample changes in 
moisture content by less than 1%. The lower permeability for test 
#5 aS compared with tests #3 and #4 is likely a reflection of the 
partial saturation of the material rather than brine soaking. 


3 6n2 Type 2 - Compacted, Brine-Contaminated Clay Till 


| APP LOldls (On tive testes awere iconducteds on samples of 
brine-saturated clay till collected from the pond bottom. The 
materials were subjected to brine fluids for at least five years and 
thus represent the "long-term" effect that brine may have on both 
the clay mineralogy and the hydraulic response. 

MeSiceOs umGeSaymresh=—miine’. In Test #6, the 
contaminated clay till from Sample #2 was prepared by recompacting 
with a fresh moulding fluid, then was permeated with fresh water 
followed by brine. This test represents a situation where the pore 
fluid electrolyte concentration is diluted, as may occur where fresh 
water permeates a previously brine-saturated material. The results 
of Test #6 are summarized in Figure 21, and indicate that the 
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Figure 20. Falling head permeability, Test No. 5. 
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permeability to fresh water is relatively constant at 4 x 1073 
cm/sec and that the introduction of brine tends to increase the 
permeability to about 6 x 1079 cm/sec. It should be noted that 
in test #6, the final saturation state is close to 100%, and the 
Sample increased in moisture by about 2%. It is noted that the 
stabilized permeability for this test is lower than that of tests #3 
and #4, which represent the same moulding and permeation conditions; 
however, the sample for tests #3 and #4 was originally uncontami- 
nated, whereas the sample used in test #6 had been subjected to 
brine for five years. 

Test #7: Brine/Brine: Test #7 was conducted on material 
from Block Sample #2, and was exposed to brine for a five-year 
period. The moulding fluid was brine and the permeant was brine. 
The falling head permeability test results are summarized in Figure 
2ewand windveatess that the initial pore fluid) has a much lower 
concentration than the hypersaline brine. Thus, mixing brine as a 
moulding fluid would tend to increase the initial salt concentration 
in the sample. The summary of data in Table 17 indicates that the 
Sample saturation remained relatively constant at about 95% and the 
overall] moisture content of the sample decreased by about 0.8%. 

The falling head permeability test results in Figure 22 
indicate a general trend of decreasing permeability with time. This 
result may reflect unstable readings due to partial saturation 
rather than clay-brine interaction. Alternatively, this trend could 
be a reflection of the shrinkage of the bound layer around clay 
minerals, leading to mobility of clay particles in the aggregate 
Structure. Mobile clay particles could plug smaller pores and hence 
reduce permeability as particle migration progresses. 

Tesi) #6: Brine/Brine: Test #8 was conducted on 
contaminated material from Block Sample #3. Brine was used as the 
moulding fluid and the permeant. Again, the initial pore fluid had 
a salt concentration well below that of the brine and hence the use 
of brine as a moulding liquid tended to increase the pore fluid 
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concentration. This test represents a condition wherein brine 
soaked material is recompacted, then permeated with brine. 

jhevw results sof iene test are shown in’ Pique’ °23 “and 
INncicace lid relatively, “stable permeability joven a 2i-day testing 
period. As indicated in Table 17, the initial saturation increases 
to just over 100%, representing an increase in moisture content of 
8% during testing. The main difference between tests #8 and #6 
(both are saturated during testing) is the moulding fluid and 
permeant. The introduction of brine appears to have increased the 
permeability by about half an order of magnitude (test #8) as 
compared to moulding and permeating with fresh water (test #6). 
This is likely due to flocculating tendencies in test #8, compared 
to dispersion in test #6. 


S683 Type 3 - "Undisturbed" Contaminated Clay Till 

Falling head permeability tests were conducted on Shelby 
tube samples cut from the block samples of the liner. The tests 
were conducted with brine as a permeant and the material was as 
close to the in situ state of compaction and moisture as possible. 
The results of the tests on samples #2 and #3 are reported as tests 
#9 and #10 in figures 24 and 25, respectively. 

The results of these tests indicate a relatively stable 
permeability over a short duration of testing in the range of 1 x 
loc! tO 12° Xx 107) cm/sec. These tests are comparable to test 
#1, except the sample was field-compacted and subject to brine 
permeation for 5 years (initially) rather than just 3 days (lab test 
duration). It should be noted that the permeability scales in 
figures 24 and 25 are different from the previous scales for tests 
#1 through 8. 


3.6:4 4 Type 4 - Compressibility Test on "Undisturbed" 
Contaminated Clay Till 
A consolidation test was conducted on an "undisturbed" 
sample cut from Block Sample #2 from the pond bottom. The cell 
fluid was hypersaline brine. The results of the vertical stress 
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Figure 24. Falling head permeability, Test No. 9. 
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Figure 25. Falling head permeability, Test No. 10. 
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versus void ratio and calculated permeability are presented in 
Figure 26. It is interesting to note that the calculated permeabil- 
ities from this test are within the range of the "undisturbed" 
falling head permeability tests presented as tests #9 and #10 in 
figures 24 and 25, respectively. 


SoU SUMMARY OF PERMEABILITY TESTING PROGRAM 

The results of the falling head permeability tests 
conducted on recompacted samples of uncontamined and_ brine- 
contaminated clay till are summarized in figures 27 and 28, 
respectively. The results can be summarized as follows: 

1. Saturation level appears to have a marked influence 
on permeability as measured. by the falling head 
permeability test; 

2. The permeabilities for partially saturated conditions 
are lower than for fully saturated conditions; 

3. Regardless of saturation, the effect of introducing 
brine to an uncontaminated sample prepared with fresh 
moulding water is to increase the permeability by 
apOUE Nene onder Of aemagml tude waxes; sindiveated by 
permeability test #1 in Figure 27; 

4. Tests conducted with brine as a permeant generally 
had permeabilities higher than tests with. fresh water 
as permeant; however, the differences are very small 
and could also be attributed to variations in sample 
compaction and/or clay content; 

5. Samples of uncontaminated material prepared with a 
brine moulding fluid generally had permeabilities 
higher than recompacted samples of brine-contaminated 
clay (compare tests #3 and #4 in Figure 27 with tests 
#6 and #8 in Figure 28); 

6. Brine soaking appears to have only a small influence 
On permeability as compared to tests on samples 
prepared with brine fluid but without brine soaking; 
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Figure 26. Consolidation test on Sample 2. 
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The interaction of brine and clay appears to occur 
rapidly as demonstrated by the Atterberg Limit test 
results; 

The introduction of a fresh water permeant to a 
sample with brine as a moulding fluid tends to have 
only a small influence on permeability; 

All of the recompacted samples permeated with brine 
have permeabilities at least one order of magnitude 
lower than tests on "undisturbed" material permeated 
with brine (compare results in figures 27 and 28 with 
the results in figures 24 to 26); and 

The influence of changes in the concentration of the 
permeant appear to occur rapidly, even though the 
passage of fluid through the sample over a short 
period of time is negligible. 
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4. EVALUATION AND COMPARISON OF RESULTS 

The results of the falling head permeability tests on 
samples of the Procor clay till liner are compared with other 
reported literature in Table 18. This comparison of results 
indicates that the observed changes are within the ranges of other 
reported permeability changes. 

The sources of error in permeability testing listed 
previously in Table 1 indicate a wide range in measured hydraulic 
conductivity due to several factors. Of the factors listed in Table 
1, partial saturation of the system (air in the sample) and changes 
in the concentration of the permeant are the most important factors 
to be considered in the testing program described in this report. 
The saturation condition of samples listed in Table 17 indicates 
that several of the tests were conducted on partially saturated 
materials. By comparing the test results on fully saturated 
samples, the effects on permeability of permeant and moulding fluid 
Changes can be assessed. A comparison of the permeability test 
results for saturated samples is shown in Figure 29. These results 
indicate that permeability tests on "undisturbed" brine-contaminated 
clay till sampled from the pond bottom were one order of magnitude 
higher than recompacted samples in the laboratory. With regard to 
the recompacted samples, initially uncontaminated till samples with 
a orines moulding liquid had) a chigher permeability than 
brine-contaminated samples (that is, samples in the pond bottom that 
were exposed to brine for about five years had lower permeabilities 
than the fabricated tests). Additionally, the permeability test 
results on partially saturated samples indicated that the effect of 
introducing brine into an uncontaminated sample with a fresh 
moulding water was to increase the permeability by up to one order 
of magnitude. 

The evaluation of field performance at the Procor pond, 
discussed in Section 8.2, indicates that the most probable in situ 
permeability of the liner is in the order of 2 x 10-6 cm/sec. 
It is noted that this estimate is one order of magnitude higher than 
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Figure 29. Comparison of permeability test results - Procor 
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the "undisturbed" permeability test results and two orders of 
magnitude higher than tests on recompacted samples as indicated in 
Figure 29. This wide variation in measured versus field permeabil- 
ity is similar to other reported case records (e.g., Olson and 
Daniel 1981). The order of magnitude difference between the field 
values and the measured values on "undisturbed" samples is most 
likely due to the crack formation in the field, which cannot be 
modelled in the laboratory on 5 cm to 10 cm diameter test samples. 

The inherent difficulty in conducting laboratory tests to 

predict field permeability of compacted clay liners is relatively 
well established in the literature and further substantiated by the 
results of the tests presented in this report. However, regardless 
of the inability to predict field permeabilities, the effect of 
brine on compacted clay behaviour can be assessed by the results of 
this study. In this regard, and referring back to the questions 
posed in Section 1.1 of this report, the following comments can be 
made: 

i Eong-herm Effect of Brine: The clay-brine 
interaction appears to be relatively rapid and a 
long-term (five-year) effect of brine on clay 
minerals and aggregate structure of compacted till 
appears to be insignificant compared with other 
factors affecting permeability. 

2. Preconditioning to Minimize Shrinkage: The results 
of the tests on Procor liner materials indicate that 
preconditioning through soaking with brine does not 
have an appreciable influence on _ compacted 
permeability. However, soaking may aid in limiting 
crack formation in the field and thus could have an 
more important influence on field behaviour as 
Opposed to laboratory measurements. 

3. Laboratory Testing Procedures: The results of the 
tests on Procor liner materials indicate that uncon- 
taminated, natural soil could be treated with brine 
solutions to model long-term brine soaking. The 
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results indicate the effect on measured permeability 
on recompacted samples of material soaked for five 
years in the field versus five days in the laboratory 
is about one-half an order of magnitude. Further, 
the observed differences in permeability could also 
be related to the sample preparation § method, 
saturation, and the duration of the test. 
The tests results reported herein and a review of 
published literature indicate that for compacted materials with a 
relatively low percentage of clay minerals, particularly smectite 
clay minerals, the effect on permeability of brine is within the 
range of permeability variations due to the inherent difficulties in 


conducting laboratory tests. 


JS 


Bye IMPLICATIONS FOR BRINE POND DESIGN 

liner neswits of this study indicate that for clay ti] 
materials having a similar mineralogical composition to the Procor 
liner, under worst case conditions, an order of magnitude increase 
in permeability could be anticipated “in the field due to brine 
permeation. Further, the nature of operating conditions at brine 
ponds can lead to severe exposure of the liner to the elements and 
further affect field performance. Even without considering the 
effects of brine, field permeability is likely to be 1 to 3 orders 
of magnitude greater than laboratory permeability test values. 

Based on the results of the literature review and testing 
program discussed in this report, the following points can be made 
in regard to implications for design of compacted clay till. liners 
for brine ponds in Alberta: 

1. For materials with a relatively low clay content and 
more particulary, a low percentage of smectite clay 
minerals, the worst case pond operating conditions 
lead to an order of magnitude increase in permeabil- 
ity due to clay - brine interaction. 

2. A more important factor controlling the performance 
of liners is the adverse operating conditions at 
brine ponds. Fluctuating water levels lead to 
variations in temperature, and in the concentration 


of fluid permeating the liner. These adverse 
Operating conditions could lead to an unserviceable 
liner regardless of the clay - brine interaction 
phenomenon. 


3. With proper selection of materials to form the 
compacted clay liner and with design of an appropri- 
ate liner thickness and protective cover, it appears 
that the effect of clay - brine interaction can be 
accommodated in liner design. The most important 
factor controlling performance is the _ proper 
protection of the liner from temperature variations, 
and fluctuating moisture level. It is important to 
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recognize that protection of the clay liner to 
environmental conditions is a consideration for any 
clay lined facility. 

The results of test #2 are hard to interpret; how- 
ever, initial permeability values indicate that use 
of brine liquid as the moulding fluid may reduce the 
effects of subsequent brine permeation or clay 
structure. This is more effective than brine soaking 
alone, because it allows the clay to establish a 
Stable structure during compaction (i.e., soil 
formation). 
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Ole CONCLUSIONS 
Based on the results of the study presented in this 


report, the following conclusions can be drawn: 


lis 


A proper evaluation of the effectiveness of compacted 
clay materials for lining brine ponds requires an 
assessment of the characteristics of the clay 
minerals in the soil and the operating conditions of 
the pond. 

Clay - brine interaction is a complex phenomenon for 
which several hypotheses have been advanced. Regard- 
less of the physical or chemical reason for the 
interaction, the net effect is a reduction in volume 
of the clay minerals and hence, the sample. This 
reduction in volume leads to the opening of pore 
channels that could be manifested as cracks, which 
would increase permeability of the material. 

A review of the literature indicates that permeabil- 
ity increases of up to one order of magnitude have 
been observed and/or predicted at brine ponds with 
compacted clay liners. These observations and 
predictions are consistent with the laboratory test 
results discussed in this report. 

The laboratory test results on Procor clay till liner 
materials indicate that permeability tests on 
"undisturbed" materials are at least one order of 
magnitude higher than those of recompacted materials. 
The effect of brine soaking is_ small. The 
introduction of brine to a sample with fresh water 
moulding leads to a rapid increase in permeability of 
up to one order of magnitude. The introduction of 
fresh water to a sample with a brine moulding fluid 
is small. 
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A comparison of inferred field permeabilities with 
laboratory measured permeabilities indicates that the 
field permeabilities are at least one order of 
magnitude higher than those of laboratory tests on 
"undisturbed" samples. This result is consistent 
with other such comparisons’ reported in_ the 
literature. 

The long-term effect of brine leachate on compacted 
clay till liners appears to be negligible in that the 
brine does not appear to degrade or appreciably alter 
the morphology of clay minerals or the fabric of the 
aggregate with time (at least based on SEM test 
results). However, shrinkage cracks do result that 
cause the increase in permeability. 

Preconditioning material by soaking with’ brine 
appears to have a small influence on the recompacted 
samples from the Procor clay till liner. However, in 
the field, shrinkage could lead to crack formation, 
which could be limited through presoaking with brine. 
iemerrecu on shield: crack. formation mcould nov be 
modelled in the laboratory. 


It appears that uncontaminated samples of natural 


Soil can be used to model the long term effects of 
brine saturation in the field. The difference in 
permeability of uncontaminated versus contaminated 
clay till from the Procor site was less than one-half 
an order of magnitude. 

It appears that the most critical factor controlling 
permeability, and hence performance of a compacted 
clay till liner at brine ponds, is the adverse opera- 
ting conditions. If suitable protective measures are 
followed to prevent general degradation of the liner 
due to adverse environmental conditions, then the 
additional factor of increased permeability due to 
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clay - brine interaction might be accommodated in a 
proper design. Compacted clay till liners could be a 
cost-effective alternative to lining with flexible 
polymeric membranes at large pond sites where 
Suitable clay fill materials are available and the 
proper liner protection measures are followed. 
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8. APPENDICES 
Sho Jl A REVIEW OF CLAY PROPERTIES 
Sale! Introduction 


A number of factors influence the behaviour of clay soil 
and, in particular, its performance when used as a liner in contact 
with brine solutions. Fundamental factors affecting the performance 
of a liner comprised of natural materials are as follows: 

a) clay content 

b) clay mineralogy 

c) cation exchange capacity (CEC) 

d) soil permeability 

e) pore water chemistry 

The combination of physiochemical properties for a 
particular soil will determine its permeability characteristics. 
The fundamental physiochemical properties of clay minerals and their 
influence on the behaviour of compacted materials are discussed in 
the following section. 


So ilo 2 Clay Mineral Content 

The percentage of clay minerals present in the soil is a 
major factor controlling the material's volume change behaviour, and 
hence its permeability. A-clay mineral is defined as a crystalline 
material that exhibits plasticity because of its inherent ability to 
retain water. The composition of clay minerals is discussed in 
SSE ON We llioSc 


Greve S Clay Mineralogy 

Clay minerals consist of hydrated aluminum silicate in a 
crystalline form. There are three general groups of clay minerals, 
all of which have similar engineering properties. 

Clay minerals are formed from two basic structures - a 
Silica and an aluminum octahedron. These basic units combine to 
form sheet structures. The various clay minerals are formed by 
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stacking combinations of the basic sheet structures with different 
forms of bonding between the combined sheets (Yong and Warkentin 
1975). Kaolinite, illite, and smectite (mortmorillonite) are the 
three principal clay minerals. Other clay minerals include 
chlorite, vermiculite, allophane, and attapulgite. A clayey soil 
usually contains a mixture of clay minerals, amorphous silicon, 


aluminum oxide, and iron. 


Sad AGiaul Kaolinite. Kaolinite consists of repeating two-layered 
Sheets. Each sheet consists of a silica tetrahedron sheet and an 
alumina octahedron sheet separated by a layer of oxygen atoms. The 
combined silica-alumina sheets are held together by hydrogen bonds. 
A typical kaolinite particle may consist of over 100 stacks. 


Bee erste Illite. The basic unit of illite is a three-layer 
system, which consists of a layer of alumina octahedra contained 
between two sheets of silica tetrahedra. The combined sheets are 
weakly bonded together by non-exchangeable potassium ions. 


So load Smectite. Smectite has a structure similar to that of 
illite. However, the space between the combined sheets is occupied 
by water molecules and exhangeable cations instead of potassium 
ions. The bonds are weaker than for illite, with the result that 
smectite can swell much more in the presence of water. Clay tills 
in Alberta generally have ae relatively high percentage of 
montmorillonite (Komex 1983). 

Clay minerals may be identified by techniques of scanning 
electromicroscopy, X-ray diffraction, differential thermal analysis, 
and infrared spectroscopy. Basic properties of the three types of 
main clay minerals are shown in Table 19. 


Be U5! Cation Exchange 

The surfaces of clay minerals are negatively charged. As 
el seesiitts cations | such as Na’, Gane Kk", b>) and Mg¢* 
present in the water in the void space are attracted to the clay 
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particles in order to balance the negative charge and keep the whole 
unit electrically neutral. These cations are not held strongly to 
the particles and they may be replaced or exchanged by other 
cations. Cation exchange refers to the process whereby attracted 
(adsorbed) cations are replaced by other cations. 

The concentration and valence of cations in the adsorbed 
water region of the clay minerals affect the clay mineral structure 
during sedimentation by either increasing or decreasing the net 
electrical repulsive force between sheet faces. Both increased 
cation concentrations and increased cation valence cause a decrease 
in net repulsive forces and thus a tendency for flocculation of clay 
particles. Conversely, either decreased cation concentrations or 
lower cation valences causes an increase in net repulsive forces and 
a tendency for the clay particles to disperse. Flocculated clays 
tend to have a more open, card-house structure and thus a higher 
hydraulic conductivity than dispersed clays. The effects '-of 


2+ cations in 


replacing monovalent Nat cations with divalent Ca 
montmorillonite, illite, and kaolinite are shown in Figure 30. 
Increasing the Ca**t concentration results in more flocculated 
Structures, which tend to be relatively open and porous, and hence 
exhibit higher permeability. By contrast, sodium-saturated clays 
tend to be dispersed, resulting in lower permeability. Smectite has 
a greater surface area available for cation exchange (termed cation 
exchange capacity) and thus is more affected by changes in cation 
type than either illite or kaolinite. 

Cation concentrations in Alberta tills are relatively 
high (Pawluk and Bayrock 1969), resulting in flocculated structures 
(in situ). The state of flocculation in clay minerals has been 
experimentally related to the sodium absorption ratio (SAR) of the 
pore fluid and the total cation concentration of the pore fluid 
(Aitchison. and Wood 1965). Relationships for smectite and illite 
are shown in Figure 31, together with values for Alberta tills as 
reported by Pawluk and Bayrock (1969). Points to the right of the 
appropriate clay mineral envelope indicate flocculated structures, 
while points to the left of the curve indicate dispersed structures. 
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Kaolinite 


Montmorillonite 


PERMEABILIT Y—————= 


O ——— EXCHANGEABLE CATION, % Nat 100 
ONO ee OPO ee) 
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Figure 30. Hydraulic conductivity of clay minerals. 
(From Yong and Warkentin, 1975) 
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Figure 31. 
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Flocculation of montmorillonite and illite as a function of SAR. 
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The data shown in Figure 31 suggest that most Alberta tills are ina 


flocculated state in situ. 


Jo 5S Influence of Clay 

As a general statement, the greater the quantity of clay 
minerals in the soil, the greater the potential for shrinkage or 
swelling, the lower the permeability, and the higher the plasticity. 
Since water is strongly attracted to the surface of clay minerals, 
it can be assumed as a first approximation that the majority of the 
water in the soil is associated with the clayey phase (Seed, 
Woodward, and Lundgren 1962). Using this approximation, one can 
estimate the amount of clay required to fill the voids of the granu- 
lar phase and prevent direct contact between granular particles for 
any water content (Mitchell 1976). Following this approximation, 
the relationshin of void ratio of the granular fraction to overall 
moisture content and the clay fraction required to fill the voids is 
presented in Figure 32. This figure illustrates that for moisture 
contents typical of compacted clay till, in the range of 10% to 20%, 
a relatively small amount of clay is required such that clay 
dominates the behaviour of the material. 

The plasticity characteristics of various clay minerals 
in distilled water and the particle size ranges listed in tables 20 
and 21 give an indication of the clay - water interaction. These 
characteristics also relate to the volume change properties, which 
follow the same pattern as the plasticity, i.e., the more plastic 
the material, the greater the potential swell and/or shrinkage. 

The variation in permeability of single clay mineral 
mixtures to various solutions illustrates the important influence of 
the electrolyte concentration of the permeant and its interaction 
with the surface of clay minerals. For example, the permeability of 
smectite, illite, and kaolinite at various void ratios, when 
permeated with fresh water (a polar fluid with a high dielectric 
constant), are illustrated in Figure 33. The smectite (typically 
montmorillonite) has the lowest permeability for a given void ratio, 
ds expected, reflecting the plasticity characteristics of this 
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Table 20. Atterberg limit values for the clay minerals.? 


Mineral Li@mic Lite Plescie Line Siiruwxacis Mite 
(%) %) (%) 

Montmorillonite 100) to 900 0) 2), 010) oO, WO) WS 
Nontronite Sint Om 12 LS) OZ) 

Illite SO! reo) 20) 35 Oo) 00) TS touly 
Kaolinite 307 Go) 10 25 to 40 259029 
Hydrated Halloysite 510) ee) 70 a7, to (60 

Dehydrated Halloysite 35 to 55 30 to 45 

Attapulgite LEO, tonc30 IOs eo) 120 

Chlorite 44 to 47 36 to 40 

Allophane 200 to 250 130 ton h40 


a2 Source: Mitchell (1976). 
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Coefficient of permeability of three sodium clays 
in water (from Mesri and Olson, 1971). 
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clay and the dominating influence of the bound water. When the 
fluid is non-polar (e.g., carbontetrachloride or benzene), all three 
clays have a similar void ratio - permeability relationship as 
illustrated in Figure 34. The results of these studies reported by 
Mesri and Olson (1971) indicate that the interaction between the 
permeant and clay minerals can have an important influence on 
permeability. If the interaction of the permeant and clay minerals 
is not a factor, the permeability is controlled by the grain 
arrangement and flow channels only. 


SieZ DESCRIPTION OF PROCOR BRINE POND AND SAMPLES COLLECTED 
FOR LABORATORY TESTING 


Bool Background on Clay Liner Investigated 

The Procor Limited LPG storage facility is located about 
14 km northeast of Fort Saskatchewan and 12 km south of Redwater, 
Miberea in ESD Sand 10.) SEG I waiWwP 56, RGB A222 W4aM.  Tiheigsite: is 
about 1 km west of the North Saskatchewan River. A key plan is 
presented as Figure 35. 

The plant was constructed in 1976, and a brine pond, 
consisting of two cells, was constructed during the summer of 1978. 
The pond began operation in October 1978 and was used until 
mid-1983. <A layout of the site is shown in Figure 36. Some time 
after construction of the ponds, high chloride concentrations were 
measured in groundwater monitor wells, indicating relatively high 
seepage rates through the clay liners. VM Wiese SUGMUPICSE 
concentration of sodium chloride, approximately 300 mg/L in Well No. 
7, was measured in September 1980 as shown in Figure 37. As a 
result of the unsatisfactory performance of the pond, it was decided 
to rehabilitate the pond and to install a polymeric membrane liner. 
This work was done in 1983-84, and the rehabilitated pond was 
commissioned in July 1984. During the reconstruction, Komex had the 
Opportunity to obtain block samples from the compacted clay till 
"liner" and the underlying native soil at the locations shown in 
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Coefficient of permeability of three clay minerals 
in nonpolar fluids (from Mesri and Olson, 1971). 
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ALBERTA ENVIRONMENT 
BRINE -CLAY LINER INTERACTION STUDY 


SITE LOCATION PLAN 
PROCOR BRINE POND 


APPROVED oat 


SITE LOCATION : 


LSD 9 AND 10, SECTION | 
Tp. 56,R.22 W4M. 


Figure 35. Site location plan, Procor brine pond. 
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TEST BLOCK LOCATION SAMPLE # | 


O11 
PUMPHOUSE 


NORTH POND 


APPROX BOTTOM ELEV 630.2 m 


_ SOUTH POND _ 


bay) 
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O #10 


TEST BLOCK LOCATION 
SAMPLE # 2,3,4 
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SCALE IN METRES 


ALBERTA ENVIRONMENT 
BRINE-CLAY LINER INTERACTION STUDY 


SAMPLE LOCATIONS 


JOB No. 989 
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1.5 € |APR./85 | FIG. 36 


Figure 36. Sample locations. 
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204 m 


_NORTH POND _ 


APPROX. BOTTOM ELEV. 630.2 m 


T7m 


166 m 
NEW 2 


POND | 


3.531 
qm 


202 m 


__SOUTH POND _ ‘ 


APPROX BOTTOM ELEV. 63!.Im 


TEST BLOCK LOCATION 


Figure 37. Brine plume advancement. 
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NOTES: _ 


1. CONTOURS ARE APPROXIMATE ONLY. 


2. CHLORIDE CONCENTRATION IN TABLE ARE 
APPFIOXIMATE ONLY. 


ALBERTA ENVIRONMENT 
BRINE - CLAY LINER INTERACTION STUDY 


BRINE PLUME 
ADVANCEMENT 


arrroveto oare 
[komex| > &<— |APR./85 FIG. 37 


JOB No. 989 


118 


Figure 36. This section described conditions in the pond bottom and 
classification tests performed on the clayey till liner materials. 


Sricec Brine Pond Operation 

Natural gas liquid (NGL) is stored in underground caverns 
formed by solution cavities in natural salt deposits. The NGL is 
displaced by brine solution, which is temporarily stored on the 
surface in a pond. When the NGL is withdrawn from the caverns, the 
brine is pumped from the pond back into the caverns to displace the 
gases. The peak demand for gas products begins in the fall and ends 
in the spring. Consequently, the level of stored brine is gradually 
lowered throughout the winter to an ideally empty condition by 
spring. | 

Although deviations from the usual operations occur, it 
can be reasonably expected that pond liner will be subjected to 
variations in hydrostatic head, temperature, and alternating wetting 
and drying cycles. Additionally, due to the high concentrations of 
the brine and associated depressed freezing temperatures of -10°C or 
lower, it is conceivable that the reservoirs are also subjected to 
detrimental freeze-thaw cycles, as opposed to normal water retention 
ponds where an ice cover generally prevents subgrade freezing. The 
interior pond slopes are exposed to alternating concentrated brine 
and fresh water, such as_ from snowmelt, resulting in_ possible 
adverse physiochemical alteration of the subgrade soil. 

The above operating conditions and expected effects can 
be detrimental to the integrity of a clay lined reservoir and can 
lead to high brine seepage rates. 


Secs Site Conditions 


SECA Sioill Topography. The ground in the region is slightly 
undulating, rising to the west and sloping east toward the river 
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valley. The valley wall drops off abruptly about 23 m to a narrow 
river terrace. The river elevation is about 594 m at this location. 

The pond site is nearly level. The crest of the dykes 
averages approximately 636.6 m elevation, The pond bottom is at 
an elevation of approximately 630.6 m, representing a _ potential 


maximum storage depth of 6.0 m. 


Sessa Regional geology. The bedrock geology in the area 
consists of Upper Cretaceous marine sandstone, siltstone, and shale. 
Uplift and erosion during the Tertiary period resulted in the 
formation of bedrock valleys. The Beverly channel, which generally 
underlies the present North Saskatchewan River Valley, is a major 
depression in the bedrock and contains alluvial Fort Saskatchewan 
sands and gravels. The Beverly channel is located somewhat to the 
east of the site. 

Glaciation during the Quaternary period likely resulted 
in further modifications to the bedrock profile. The last Wisconsin 
glaciation, about 20,000 years ago, deposited a layer of ground 
moraine, or till, in the site area. During retreat of the ice 
Sheets, a proglacial lake formed in front of the retreating ice, 
called Lake Edmonton. The Fort Saskatchewan-Redwater area was near 
the eastern shore of the lake, and thus the lake deposits in the 
area are relatively thin and comprise silts, sands, and clays. 


Sri2 63.3 Subsurface conditions 


8.2.3.3.1 General. The subsurface data discussed herein are based 
on reports by Hardy Associates (1976), Clifton Associates (1981), 
and fieldwork carried out by Komex (1981, 1984). The following 
discussion presents a simplified interpretation of subsurface 
conditions encountered at the pond site; detailed information on 
conditions encountered at borehole locations is presented on the 
test hole logs in Komex (1981, 1984), for example. 


i Elevations are reference to mean sea level. 
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Bn Sesis2 DAGOGK. Bedrock is encountered across the Procor site 
at elevations ranging from approximately 630 m on the west side of 
the site to 609 m near the southeast corner. Beneath the pond, 
bedrock is estimated to be close to or below elevation 620 Mm, 
representing a minimum overburden thickness below the pond bottom of 
roughly 10 m. 


8.2.3.3.3 Soil overburden. The original ground at the pond site 
consisted of a layer of topsoil 0.6 m thick overlying up to 2 m of 
glaciolacustrine silt and clay sediments. Ley, as: wunderstood that 
this material was used to construct the clay liner. The glacio- 
lacustrine deposit consists primarily of silt, with about 20% by 
weight of clay sized particles. 

The glaciolacustrine sediments overlie a relatively thick 
Gaosie Oy “Siar elle Vai weheSsievells The till is of medium 
plasticity, with traces to a little sand and gravel, and frequent 
coal fragments. The material is generally oxidized and slightly 
desiccated throughout, indicating that the original, long-term water 
table was quite low prior to construction of the pond. Natural 
water contents range from about 12% to 20% and are typically about 
15%. thus, the soil is mear the plastic limit, indicating a hign 
degree of overconsolidation and/or weathering. Standard Penetration 
Test N-values vary from about 15 to 25, indicating that the till is 
of very stiff consistency with unconfined compressive strengths of 
UDO. SSOMKiPale 

The silty clay till contains frequent fine silt partings 
in both horizontal and vertical orientations, likely due to _ the 
effects of overconsolidation and weathering, and contains occasional 
silt and sand lenses. | ) 

A basal sand layer was also encountered directly over 
bedrock in three of the four holes drilled to bedrock. The sand 
Grads One Sa neyw Coe Medium), Uwith ida Jlictle | silt. and. may. be 
relatively extensive or confined to bedrock lows. 
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SdZoSadiot Groundwater. Groundwater levels reported by Hardy 
Nssociates: #1976)" prior "to" construction” of ~ the ‘existing’ ponds 
indicated that the overburden was relatively unsaturated, with local 
perched water in sand and silt seams. This conclusion is supported 
by the regional hydrogeological map prepared by the Alberta Research 
Council (ARC), which indicates a piezometric elevation of about 
610 m for groundwater in the bedrock below the site. The ARC hydro- 
geological map also indicates strong downward gradients in the upper 
layers and flows that are southeasterly toward the river. The basal 
sand layer, if continuous, may represent a perched groundwater flow 
along the bedrock surfaces. The piezometric levels in this layer do 
not appear to be artesian. 

In general, the high elevations of the site, with respect 
to the nearby river, suggests that groundwater levels due _ to 
infiltration of precipitation and runoff should be well below the 
pond bases. It is understood that no significant seepage was 
encountered during construction of the existing ponds. 

Local groundwater mounding has occurred, however, due to 
seepage of brine from the old claylined pond. Piezometer installa- 
tions by Clifton Associates (1981) around the ponds showed that 
saturated conditions existed immediately adjacent to the ponds. 
Pjezometer readings indicate downward gradients of about 0.2 to 0.3. 

The groundwater elevations recorded in the piezometers, 
and the surface observations made by Komex on June 30, 1981, 
generally indicated the existence of a groundwater table mound due 
to brine seepage, with varying degrees of lateral spread and down- 
ward gradient on the four sides of the existing ponds. On the south 
Side, the groundwater mound is below ground surface at all points, 
with primarily horizontal flow and small downward ' gradients. 
Piezometric conditions on the east side are similar near the dyke, 
but the lateral extent of the mound is less. Thus, most of the 
seepage is eventually in a downward direction. No surface seepage 
was observed along the toe of the north dyke. Piezometer readings 
indicated high groundwater levels near the dyke, but essentially 
little lateral spreading and strong downward _ gradients. An 
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excavation for a wellhead along the north side of the ponds was 
experiencing considerable seepage in 1984 from a zone below a depth 
of about 1 m. The seepage was being controlled by a small pump. 
According to contractors on-site, seepage was not encountered at 
other locations on the property. 


8.2.4 Sampling 


Block and disturbed samples were obtained for the study 
from the original pond bottom and in a location well removed from 
the pond, as described below. 


Sne2e4 al Description of Block Samples. 

1. Uncontaminated Sample (Sample #1): A sample of 
"uncontaminated" clay was taken approximately 90 m 
from the north side of the new brine pond (see Figure 
36) in April 1985. The sample was taken from a depth 
of 2.0 m at an elevation of approximately 635.2 m. 
The till sample was very dense, with a low moisture 
content (6% to 8%). 

2. Contaminated Samples (Samples #2, #3, and #4): Block 
samples of contaminated clay till were taken from 
three levels in a test pit excavated in the pond 
bottom in November 1984 at the location shown in 
Figure 36. A sketch showing the positions of the 
samples in elevation with respect to the top and 
bottom of the clay liner is presented in Figure 38. 
Samples were taken at depths below the pond bottom of 
Om to 0.20 m, 0.20 m to 0.40 m, and 0.46 m to 0.68 
m. The samples were less dense and more moist than 
the uncontaminated material, with moisture contents 
ranging from about 18% to 40%. Photographs of 
selected sample sections accompanied with detailed 
soil descriptions are presented as Plates 1, 3 and 3. 
The geotechnical properties of this material are 
discussed in the text of the report. There is some 
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CONTENTS 4 YEARS 
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CONSTRUCTION AND 
CTILIZATION (OV. 1983) 
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NOTE : EFFECTS OF BRINE ON CLAY LINERS 


SEE VOWG ai) EO eA, (EQLIEVENTUOIN, (QA (CLIN A 
LOCATION VOR SAMPLES “FESTED LINER SAMPLES 


aPPRoved Oare 


IKOMEX BHC MAR 84)| FIG. 38 


Figure 38. Elevation of clay liner samples. 
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; Meet Rub 


PLATE 1; SA#2: Contaminated liner sample. Olive-brown CLAY TILL, silt, 
little sand, occasional subangular pebbles of max. 3 mm @, trace fine roots, 
mottled, trace iron staining, firm to stiff, slight blocky structure, low 
plasticity, moist, top 5 cm of sample very moist. 


| ati 


PLATE 2; SA#3: Contaminated liner sample. Olive-brown, CLAY TILL, silt, 
trace sand, occasional subangular to rounded pebbles of max. 15 mm @, one 
Sandstone cobbles of 38 mm Q@, trace fine roots, stiff, fractured structure, 
low plasticity, moist; lower layer of sample (indicated) grey-black CLAYEY 
Suis Stiri oOngamic Odour. damp! to most. 
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PLATE 3; SA#4: Contaminated liner sample. Upper unit (liner) - grey-brown 
CLAY TILL, mottled, some silt, trace sand, occasional subangular pebbles of 
max. 10 mm @, trace roots, stiff, low to medium plasticity, moist. Lower 

unit (subsoil) - grey-black SILTY CLAY, trace to little sand, calcite 
stringers, organic odour, very stiff, defined blocky structure, less disturbed 


than upper unit, low plasticity, damp to moist. 
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variation in the sample gradations, with the percentage 
of silt and clay sizes ranging from 10% to 40%, particu- 
larly in SA#4, where a separation between the liner and 
underlying subsoil is observed. All of the contaminated 
samples are as fine as, or finer than, the sample of 
uncontaminated clay. 


S265 Monitoring and Pond Performance 

A number of groundwater monitoring wells were installed 
during the construction of the pond as indicated in Figure 36. The 
main purpose of these wells was to monitor the movement of chloride 
ion in the area. around the pond. During the first two years after 
construction, chloride ion concentrations obtained in the monitoring 
wells were relatively low, except for one well that had consistently 
indicated high readings. In the winter of 1983, the chloride 
concentration in a number of wells began to increase significantly, 
indicating a relatively high seepage rate through the clay liner. 
In June 1981, a conductivity survey was conducted. The report 
suggested that large values of conductivity were recorded near the 
dykes, confirming brine intrusion. In the summer of 1982, the 
chloride concentration in two of the monitoring wells reached a 
level of 75000 mg/L (refer to contours of chloride concentration in 
Figure 39). 

During the winter of 1983, the brine pond was upgraded. 
The separating dyke between the two cells of the pond was removed 
and the entire area of the pond was lined with a high density 
polyethylene (HDPE) membrane. 

It was believed that the high field permeability was 
mainly due to shrinkage of the clay liner, which was caused by the 
high sodium concentration leading to changes in the adsorbed water 
around the clay minerals. 

The monitoring data summarized in figures 37 and 39 can 
be used to evaluate the effective permeability of the compacted clay 
liner. The results of this analysis are summarized in Figure 40, 
which indicates that the most probable permeability of the 
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(1) COMPACTED CLAY 
TILL LINER 0.5m 
@) FRACTURED CLAY TILL 


WITH SAND / SILT LAYERS Peo 


25m IN ONE YEAR 


KNOWN: to + te = 1 year 


liner has no influence 
. kg = k@= 2.5 x 10°° cm/sec 


liner has same k as subsoil 
kg = k@= 2 x Once emisec 


subsoil more pervious than liner 
(eg. sand/silt layering) 


k@ ko 


cm/sec x 107° em/isiec ux. 10mg 


ALBERTA ENVIRONMENT 
BRINE-CLAY LINER INTERACTION STUDY 


BACK ANALYSIS OF EFFECTIVE 
PERMEABILITY , PROCOR LINER SITE 


BPPROvLO ott 


JOB No. 989 


Figure 40. Back analysis of effective permeability, Procor liner 
Site. 
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Timers san ehemnangel oh) 2x 10-6 cm/sec. This estimate is not 
based on field measurements, but is surprisingly similar to "in 
situ" permeability estimates using Shelby tube samples of the liner 
as discussed previously. 


Ses DESCRIPTION OF LABORATORY TEST PROGRAM AND PROCEDURES 


Gesell Testing Program 

The testing program was conducted in three distinct 
phases, examining geotechnical characteristics, determining 
hydraulic properties, and evaluating microstructure information. 

The uncontaminated and contaminated samples were first 
classified for gradation, moisture content, and plasticity char- 
acteristics. A compressibility test was performed on sample #2 to 
determine loading characteristics and initial hydraulic behaviour. 
Subsequently, compaction tests were carried out utilizing both tap 
water and brine as moulding liquids. For each combination of 
material and moulding water considered, hydraulic conductivity tests 
were performed on compacted samples with tap water and brine as 
permeants. In situ permeability tests were also carried out on 
samples #2 and #3 to simulate field conditions. Selected index 
tests were also conducted before and after hydraulic conductivity 
tests to determine net changes, if any. 

Scanning electron microscope (SEM) and X-ray diffraction 
tests were performed on the soil samples to determine microstructure 
composition and the effect of brine on soil structure. Chemical 
analyses were conducted on the soil samples and brine permeant to 
determine chemical composition and main ion content. 

A summary of the tests performed on the contaminated and 
uncontaminated samples is presented in Table 22. 


edo Testing Procedure 

To assess the performance of brine-saturated clay till 
material, the uncontaminated and contaminated liner samples obtained 
were subject to various geotechnical and hydraulic property tests. 
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Geotechnical characterization for individual samples was 
determined typically from the following standardized tests: 


e Particle Size Analysis ASTM D422! 

e Atterberg Limits ASTM D423, 424 
e Moisture Content ASTM D2216 

e Sample Examination ASTM D2487 

e Moisture-Density Tests ASTM D698 

e Compressibility Tests ASTM D2435 


Hydraulic properties were determined from falling head 
tests performed on natural and artificially contaminated@ samples. 
As no specific standard is applicable to falling head tests, 
procedures recommended by Olson and Daniel (1981) and Mitchell et 
al. (1965) were followed, where applicable. A typical hydraulic 
conductivity test for a compacted sample was conducted as follows: 

1. Prepare and compact sample in cell as per ASTM D698 

to approximately 2% wet-of-optimum moisture content. 

2. Remove material from both sides of the cell until a 

5 cm thick disc remains in the middle of the cell. 
Ensure exposed surfaces are rough and not moulded 
smooth. 

3. Replace removed materials with filter cloth and 

coarse sand filter material. 

4. Complete permeameter cell. 

5. Connect standpipe and initiate readings. 

An in situ hdyraulic conductivity test was conducted as 


follows: 
1. Gently push a Shelby tube sampler into the soil block 
to obtain an "undisturbed" sample. 
2. Remove material from bottom of sample to accommodate 
bottom plug. 
3. Replace removed material and fill top of permeameter 
with coarse sand and filter cloth separators. 
1 ASTM - American Society for Testing and Materials 
2 The term "contaminated" is used to distinguish exposure to 


brine modelling fluids and/or permeants as opposed to the use of 
fresh water. 
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A Install Goon plug 

5. Connect standpipe and initiate readings. 

The computation of a hydraulic conductivity value between 
two discriminate time points is performed using the _ following 
relationship: 


aeLl ho 
2 amin (O91 Ohmmnm (cede. eambe: and Whitman) 1979) 
A(t, im tg) ny 


k 


Where: k = hydraulic conductivity 


the length of soil sample in the permeameter 


the cross-sectional area of the permeameter 
tg = the time when the water level in the standpipe is at 
ho 
hgh, = the heads between which the permeability is 
determined 


fev) 
Ml 


cross-sectional area of the standpipe 
ti) > the time where the water level in the standpipe is at 
ny 
In addienone (ato 7 basic testing, scanning electron 
microscope (SEM), X-ray diffraction analysis, and chemical analysis 
were performed by independent laboratories. The results of these 
tests and procedures followed are contained in Sections 8.4 and 8.5. 


So Sod Specialized Testing Apparatus 

The hydraulic conductivity testing apparatus was 
manufactured locally to Komex specifications and falls into two 
categories: in situ permeameter and compacted permeameter, which 
are individually described below. 


Sip c)G Soul In Situ permeameter. The permeameter is essentially a 
8 cm nominal diameter Shelby tube cut to an appropriate length and 
sealed with removable plugs at both ends, as shown in Figure 41. 
Galvanized fittings are attached to the plugs to accommodate 
standpipe and outlet attachments. 
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RESERVOIR 


1.0. TUBING 


SAMPLE 


3" © SHELBY TUBE 


ALBERTA ENVIRONMENT 


BRINE-CLAY LINER INTERACTION STUDY 


FALLING HEAD PERMEABILITY 
APPARATUS - SHELBY TUBE MOULD 


APPROVED OaTE 


TO COLLECTION 
RESERVOIR 


Figure 41. Falling head permeability apparatus - Shelby tube mould. 
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SierSieSiene Compacted permeameter. The compacted permeameter cell 
and ends are completely manufactured out of acrylic plastic to the 
dimensions partially outlined in ASTM D698. The fittings and valves 
are brass. Rubber "0" rings provide for a seal between the cell and 
permeameter ends; the degree of seal achieved is controlled by six 
threaded clamp rods, as shown on the sketch and photograph in Figure 
42. 

The standpipes used were .3 cm opaque PVC tubes. Filter 
cloth separators were Fibretex 300 filter fabric, and the filter 
filler utilized was Sil 8 sand as indicated on Figure 43. 


8.4 ANALYSIS OFM ERBECTS OF BRINE ON) TEEL SAMPEES 
(reported by AGAT Laboratories, Calgary) 


Crit Introduction 

Two till samples were submitted by Komex Consultants for 
a study of effects of brine on clays. Only one sample was treated 
with brine, and an untreated fraction of this sample was not 
provided. Ideally, the study should have been performed on treated 
and untreated fractions of the same sample, or Samples. The two 
samples provided differ both in texture and mineral composition. 
These two samples are thus treated separately, and effects of brine 
on clays are assessed on an individual sample basis. Clay minerals 
are present mainly in detrital forms, and exhibit undiagnostic 
morphology. Differentation of clay by quantitive analysis (energy- 
dispersive X-ray fluorescence, EDX) was hampered frequently by 
mineral contaminants (mainly feldspars and carbonates) in the 
proximity of clays analysed. 


Ga4ei2 Sample #1 (Uncontaminated) 

This sample is greyish brown, and is composed of clays 
and poorly sorted sand grains. The sample is unconsolidated, and 
breaks down readily in fresh water due to swelling of water- 
sensitive clays. The rate of breaking down is enhanced when 10% 
acid is applied, in part due to chemical reaction of acid with 


carbonates in the sample, particularly calcite. Sand grains vary 
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TESTING APPARATUS 


STANDPIPE (A=0.079 cmé2) 


Figure 42. Falling head permeability apparatus - compaction mould. 
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SAND FILTER 
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(U.S. STANDARD) 
(D) TERRAFIX 270R 2.6 x 10" cm/sec 130 
(um) 


Figure 43. Filters used in permeability testing. 
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from rounded to subangular, and commonly are less than 1 mm in 
diameter. X-ray diffraction analysis of the sample incidates that 
its coarser portion is composed mainly of quartz and chert (54% of 
bulk sample, Table 23A) and feldspar (29%). Calcite and dolomite 
(3%, each) are probably present in part in detrital form. 

Clays form 9% of the bulk composition, and are composed 
of smectite (4%), illite (3%), and kaolinite (2%). The relative 
amounts of these clay minerals in the clay-sized glycolated fraction 
(Table 238) remain unaltered, thus suggesting the following: 

1. that clay minerals occur in similar percentages in 
granular and finer "matrix" (less than 5 microns) 
forms, or 

2. that clays are present in finer "matrix" form. 

However, scanning electron microscope observations 
indicate that clay grains are also present, in addition to "matrix". 
Clay minerals in this sample may occur separately, but eneray- 
dispervise X-ray fluorescence (EDX) analysis suggests that inter- 
mixing of clay is common. Clay minerals are present mainly in 
detrital form; however, well developed crystal form, observed on a 
local basis, suggests a degree of recrystallization or development 
of authigenic clays. Energy-dispersive X-ray fluorescence analysis 
of smectite in this sample indicates that it is in part of sodium- 
rich type, which attains a larger degree of intracrystalline 
expansion than Ca-rich smectite. 


8.4.3 Sample #2 (Contaminated) 

This sample is greyish brown, and is composed of 
moderately sorted sand grains with clays. It differs texturally 
from sample #1 in that it is finer-grained, and sand-size grains 
present are better sorted. This sample breaks down (but with a 
Slower rate than sample #1) when in contact with fresh water, due to 
swelling of water-sensitive clays (mainly smectite); it also effer- 
vesces strongly due to the presence of carbonates (particularly cal- 
cite). X-ray diffraction analysis of a bulk sample indicates that 
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Table 23. Summary of X-ray diffraction analysis.? (Reported by 
AGAT Laboratories, Calgary) 


A. Bulk Sample Analysis 
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Minerals Sample #1 Sample #2 


Quartz 54 a2 
Plagioclase Feldspar 2 23 
Potassic Feldspar Wy) 
Amphibole 

Calcite 

Dolomite 

Pyrite 

Kaolinite 

Illite 

Mixed-layer clays 
Chlorite 

Smectite (Montmorillonite) 
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B. Glycolated Clay Fraction Analysis 


MINERALS Sample #1 Sample #2 
Kaolinite 20 23 
Illite Bil 36 
Mixed-layer clays ND ND 
Chlorite 7 9 
Smectite (Montmorillonite) 42 32 


Semi-quantitive data with +10% accuracy. 
Sample contains NaCl. 

Commonly Illite and Smectite. 

Trace; detectable, but not measurable. 


and To Dm 


a = 
a 
f \ 
3 ? 
" 
Pr 
* «- 
= s 
we 
"ul 
x 
BP) 
i 
cal 
‘ ~~" . ow 
—< a pe ee _ 
i i can 
Leas > i 
: i i 
Gc } 
a t oe we . & 
sh siamese? le gf 
} , 
Mes en SMA RR iP 


ee 
wo 
wa 
> 


& 
abt deafodte 
ae ahi? otezsso 


ra Y | is _ -afodte 
. £ wens 
aa € .& 
ee a ae aa sd eye to, oval -poxt 
a Bec, dh it ee ee 9, | 
. ad 3 Yeo gee ostvorn 
é dete sigy line 5 | "(avin rea ‘ents 
ied regal AAO CEN NE FoR te rnc ances mn seem tal 
ee lanka flotias 2817 yet beds fooxl 
me, © i ec awes 


’ i 
a nee 


J) 


138 


siliceous grains and fragments (quartz, chert, and silica-rich 
rocks) form 47% of the bulk composition, Table 23A), and plagioclase 
(23%) with a smaller amount of potassium feldspars (4%). Calcite 
and dolomite are present in equal proportions, and form 8% of the 
bulk composition. 

Clays, forming 13% of the bulk composition (Table 23A), 
composed mainly of illite (5%), smectite (3%), kaolinite (3%), and 
chlorite (1%), are present mainly in detrital form. Variation in 
qualitative chemical analysis patterns (EDX) of mineral assemblages 
Suggest various degrees of intermixing of clays. A drop in the 
amount of illite in the glycolated clay fraction (Table 238) 
indicates that illite is present in part in detrital granular form. 
Clays, forming the finer-grained portion ("matrix") of the sample, 
rarely exhibit diagnostic morphology. The sample also contains NaCl 
(precipitate from brine) distributed irregularly as a thin film or 
as irregularly-shaped crystals. 


8.4.4 Interpretation of Results 

X-ray diffraction and energy-dispersive X-ray 
fluorescence analyses, and scanning electron observations of the 
uncontaminated and contaminated samples indicate the following: 

e Clays are mainly detrital, rarely showing distinctive 
Or diagnostic morphology. 

@ The type and quantity of clays (mainly smectite, 
illite, and kaolinite) are comparable in these two 
samples. 

e Smectite in the uncontaminated sample (#1) is in part 
of Na-rich type which is highly expandable in fresh 
water medium; however, the larger portion of this clay 
mineral is of Ca-rich type. 

@ Smectite in the contaminated sample (#2) is mainly of 
Ca-rich type, which is less expandable than the Na-rich 
type. 

e Sodium chloride have precipitated from brine as thin 
films or fine, irregularly-shaped crystals in Sample 
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#2; EDX analyses suggest irregular distribution of this 
salt. 

@ Treatment with brine may have had a corrosive effect on 
clays, particularly in portions where sodium chloride 
is concentrated. 

@ Treatment of sample #2 with brine may have enriched 
smectite with sodium; however, EDX analysis of clay 
assemblages do not indicate significant enrichment. 
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SEM PHOTOGRAPHS 


SAMPLE #1 (Uncontaminated) 


Bac 


A general view of a till sample with poorly sorted sand 
grains composed mainly of quartz, chert, and feldspars; 
clays (mainly smectite, illite, and kaolinite) form a 
significant part of the sample. Magnification of 250 
times. 


Two fields of view showing crenulated clays (mainly 
illite and smectite). Energy-dispersive X-ray fluores- 
cence analysis of different points yielded composition 
dominated by Si, Al, K, Ca, Na, Mg, and Fe suggesting 
Significant intermixing of clay minerals. Crystal mor- 
phology of clay present is not diagnostic of particular 
clay types; however, relatively well developed crystal 
form suggests a certain degree of recrystallization, or 
formation of authigenic clays. Note the undisturbed 
sharp and "clean" edges of clay platelets (arrows). 
Magnification of B is 2600 times and of C is 4000 times. 


Detail of clays, in this case identified individually as 
smectite (large arrow) and illite (small arrows). 
Magnification of 3100 times. 
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SEM PHOTOGRAPHS 
SAMPLE #1 (Uncontaminated) 


E This field view shows the presentce of intermixed clays, 
mainly smectite and illite. Energy-dispersive X-ray 
fluorescence analysis of different points on clays; 
however, suggests the presence of a sodium-rich type 
smectite (large arrow), and a calcium-rich type smectite 
(small arrow). Note that the former (large arrow) 
probably exhibits a degree of swelling. Magnification of 
3500 times. 


F View showing detail of mainly illitic clay with thin 
platy projections (arrow). Magnification of 300 times. 


G Detail of intermixed clays, mainly smectite and illite. 
Note that platelets are fused at their ends, and that 
platelets edges are sharp and undisrupted (arrows). 
Magnification of 3100 times. 
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SEM PHOTOGRAPHS 


SAMPLE #2 (Contaminated) 


Bia tonD 


An overview of a till sample composed of poorly sorted 
sand and silt grains (mainly quartz, chert, and 
feldspars) and clays (mainly illite and kaolinite). 
Magnification of 250 times. 


Three fields of view showing mixtures of clays, mainly 
illitic (small arrows) and smectite (large arrows). 
Intermixing of clays is indicated by complex and variable 
chemical composition, as indicated by energy-dispersive 
X-ray fluorescence analyses. Crystal] morphology of clays 
1s comparable with that observed in sample #1. Although 
platelet corrosion is not evident in these fields of 
view, edges appear corroded locally around = sodium 
chloride crystals. Magnification of B is 4000 times, of 
C is 3000 times and of D is 2500 times. 
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SEM PHOTOGRAPHS 


SAMPLE #2 (Contaminated) 


E+F 


Two fields of view showing illite (arrow in E) and 
smectite (arrow in F) indicates a composition dominated 
DY¥MSHe Al. CasiMg. and Fe, with minor K. “lhere is mo 
indication that clay platelets have been corroded to any 
Significant degree in these field of view. Magnification 
1s 3600 times. 


Detail of clays, largely smectite in composition (large 
arrow), exhibiting a high degree of open space-bridging. 
A small cluster of clay (indicated by a small arrow) is 
probably broken during sample preparation, and does not 
represent a collapse structure. Magnification is 1800 


times. 


Part of photograph G magnified to show a cluster of 
illitic clay (large arrow) and smectite (small arrow). 
It is not clear whether these clay assemblages have 
suffered any significant corrosion. Corrosion is more 
evident in other parts of the sample where sodium 
chloride crystals are present; however, it does not 
appear to have occurred on a large scale. Magnification 
is 5000 times. 
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SEM PHOTOGRAPHS 


Two fields of view showing detrital clays (mainly illitic 
in A, and illitic and chloritic in B). Energy-dispersive 
analysis indicates that minor NaCl is present in the 
field in view in A, but that a significant amount of salt 
is present in the field of view shown in B (arrow). Note 
the similarity in clay microfabrics in the two photo- 
graphs. Magnification of A is 3100 times and of B is 
3500 times. 


An aggregate of illitic clay (large white arrow) sur- 
rounded by abundant salt coatings (small white arrows). 
Note that thin clay platelets on the aggregate surface 
appear undisturbed (black arrows). Magnification is 1700 


times. 


Detail of clay showing apparent collapse (arrows). This 
structure may be a result of treatment or may have 
resulted from compaction. Magnification is 5000 times. 
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SEM PHOTOGRAPHS 


This field of view shows the detail of crude clay plate- 
let alignment (large arrows); it is not clear whether 
this is a natural occurrence or due to brine treatment, 
Or compaction. Note, however, the presence of a clean 
surface (small arrow) which is free from clays. This 
probably is another indication of brine effect. 
Magnification is 3100 times. 
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Bod CHEMICAL ANALYSES OF SOTL AND BRINE PERMEANT 


Bodoll Introduction 
The chemical analyses of soil and brine permeant were 
prepared for Komex by Chemex Labs (Alberta) Ltd. The methods of 
analysis used at Chemex for the samples are as follows. The soil 
reaction or pH was determined on a saturated paste and the electri- 
cal conductivity on a saturated paste extract. The sodium and 
potassium levels were also determined from this extract and were 
measured by flame photometry. Calcium and magnesium were determined 
from the extract by atomic adsorption spectroscopy. The carbonate/ 
bicarbonate levels were determined by titration with 0.04 N HCl to 
pH values of 8.3 and 4.5, respectively. Chloride and sulphates were 
determined by ion chromotography. 
These methods are explained in greater detail in: 
McKeague, J.A., Ed. 1978. Manual on soil sampling and methods of 
analysis. Second Edition. Prepared by the Subcommittee 
on Methods of Analysis of the Canada Soil Survey 
Committee for the Canadian Society of Soil Science. 
Ottawa H212) pp. sand 
PGAnSOne mMMAcitiIAsEvs im GReenDerg., J.J. Connors. and D.. Jenkins. 
1980. Standard methods for the examination of water and 
wastewater. Fifteenth Edition. Prepared and Published 
Jointly by the American Public Health Association, 
American Water Works Association, and Water Pollution 
Contnolimederation. | Wasmington.) DiC.  Tisd op, 
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Table 24. Chemical analyses of soil and brine permeant. 


(ma CALGARY — (a GRANDOE PRAIRIE 
@ @ 100, 2021 - 4) AVENUE NE. @ 10S, 8504 - 112 STREET 
CALGARY, ALBERTA, CANADA .€ 6°2 


GRANOE PRAIRIE, ALBERTA, CANADA TBV 5X4 


LABS (ALBERTA) LTD.  tetex casas °*” Lasts Gao apa hapier od 
[J EDMONTON (9 HIGH LEVEL 
8764 - SOth AVENUE 10509 - 95 STREET 
EDMONTON, ALBERTA, CANADA T6E 5K8 HIGH LEVEL. ALBERTA, CANADA TOW 220 
TELEPHONE (403) 465-9877 TELEPHONE (403) 926-2448 
CERTIFICATE OF ANALYSIS 
* GAS ° WATER © OIL * SOILS °* VEGETATION * ENVIRONMENTAL ANALYSIS 
KOMEX CONSULTANTS LTD. oaTe JANUARY 8, 1985 
FILE # 989 PROJECT NO. KOMEO!0-0501-84-82 36 


RECEIVED: NOV. 28, 1984 
SAMPLE # 


SAMPLE DESCRIPTION Uncontaminated Contaminated Contaminated Contaminated Brine 
Clay Till Clay Till Clay Till Clay Til) Solution 


HLORIDE (mg/1) 40.6 38000. 53000. 79000. 220000. 


H 6.95 7.91 6.95 
CONDUCTANCE (umhos/cm) insufficient insufficient insufficient insufficient >200,000 
sample sample sample sample Tee, 
BICARBONATE (mg/1) 2a 122. = ; 121. 
SULFATE (mg/1) : ‘ 1150. 
SODIUM (mg/1) 6 135000. 
POTASSIUM (mg/1) : { : 20.5 
CALCIUM (mg/1) & : : j S64. 


MAGNESIUM (mg/1) ‘ : 5 5 ~43,2 


1% 
MEMBER : 
CANADIAN TESTING We 
ASSOCIATION Certified by ww AN én ete. Upeeann ea, 
8-29 9 3/84 


ComeiMMec 5 44 


Table 24. Goneluded: 


gE CHEMEX 


IES) 


CALGARY 2021 - 41 AVE. N.E. CALGARY, CANADA T2E 6P2 
TELEPHONE (403) 276-9627 TELEX 038-25541 

EDMONTON 8764 - SOTH AVE. EDMONTON. CANADA T6E 5K8 
TELEPHONE (403) 465-9877 


CERTIFICATE OF ANALYSIS 


° MINERAL e GAS e WATER e OIL ¢ SOILS 


KOMEX CONSULTANTS LTD. 


REPEAT ON SAMPLE #4 FOR NA ANE CL 


4 CONTAMIN’D TILL 


A 
MEMBER 
CANAOIAN TESTING 
ASSOCIATION 


¢ VEGETATION 


CERTIFIED BY 


° ENVIRONMENTAL ANALYSIS 


DATE 
10 FFERUARY 1985 
PROJECT NO 
ROME-OSO1 B4R274 
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